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Growth and n u t r i e n t  u p ta k e  by r i c e  (O ryza e a t l v e  L. c u l t l v a r
S a tu rn )  u n d er c o n t r o l l e d  o x ld a t lo n - r e d u c t lo n  and pH c o n d i t io n s  In  a
f lo o d e d  s o i l  w ere d e te rm in e d  by grow ing th e  r i c e  p l a n t s  u n d e r 
a e r o b ic  (o x id is e d )  and a n a e ro b ic  ( re d u c e d )  s o i l  su sp e n s io n s  w hich w ere 
m a in ta in e d  a t  d i f f e r e n t  c o n t r o l l e d  pH v a lu e s  in  th e  l a b o r a to r y .  The 
s o i l  used  In  th e  i n v e s t i g a t i o n s  was a  Mhoon s i l t y  c la y  loam (T yp lc  
F lu v a q u e n t;  f i n e - s i l t y ,  m ixed , n o n a c ld ,  th e r m ic ) .  Four I n v e s t ig a t io n s  
w ere co n d u c ted  u n d e r b o th  a e r o b ic  and a n a e ro b ic  c o n d i t io n s  to  d e te rm in e  
th e  e f f e c t s  o f  s o i l  c o n d i t io n s  and pH on th e  grow th  and u p ta k e  o f  F e ,
Mn, Zn, and P by th e  r i c e  p l a n t s .  The in f lu e n c e  o f  ammonium-N,
n l t r a t e - N ,  and u rea -N  on th e  re c o v e ry  o f  n i t r o g e n  by th e  r i c e  p l a n t s  
w ere i n v e s t i g a t e d .
V e g e ta t iv e  g row th  o f  th e  r i c e  p l a n t s  was g r e a t e r  u n d er a n a e ro b ic  
c o n d i t io n s  th a n  u n d er a e r o b ic  c o n d i t io n s .  Dry w e ig h ts  o f  th e  p l a n t s  
grown u n d er a e r o b ic  c o n d i t io n s  u n ifo rm ly  d e c re a s e d  a s  s o i l  pH was 
r a i s e d  from  5 .0  to  8 .0 .  P la n t s  grown u n d e r a e r o b ic  c o n d i t io n s  a t  a l l  
pH l e v e l s  w ere c h l o r o t l c .  The c h lo r o s i s  was a t t r i b u t e d  to  i r o n  d e ­
f i c i e n c y .  A d e c re a s e  was o b se rv e d  in  th e  d ry  w e ig h ts  o f  th e  r i c e  
p la n t s  grown u n d e r  a n a e ro b ic  c o n d i t io n s  a t  pH 5 .0  and 8 .0 .  P la n ts  
w hich  w ere grown u n d e r a n a e ro b ic  c o n d i t io n s  a t  pH 6 .0  and 7 .0  w ere
n o rm a l; how ever, p l a n t s  grown a t  pH 5 .0  w ere a b n o rm a l, and t h i s  was
a t t r i b u t e d  t o  th e  h ig h  l e v e l  o f  Fe in  th e  p la n t  t i s s u e .  P la n t  
a b n o rm a lity  was a l s o  o b se rv e d  a t  pH 8 .0 ,  and t h i s  may have been  due to
th e  h ig h  s o lu b le  s u l f i d e  c o n te n t  o f  th e  s o i l .
xll
The u p ta k a  o f  Fa and Mn by r l c a  p l a n t s  grown u n d er a e r o b ic  
c o n d i t io n s  a t  pH 5 .5  and 7 .5  was low and was n o t a f f e c t e d  by pH. The 
Fa u p ta k a  by th a  r i c e  p l a n t s  grown u n d e r  a n a e ro b ic  c o n d i t io n s  was h ig h  
a t  low a o l l  pH and low a t  h ig h  s o i l  pH. The Mn u p ta k e  was a p p a r e n t ly  
I n f lu e n c e d  b y  Fe u p ta k e ;  Mn u p ta k e  was low when Fe u p ta k e  was h ig h  and 
v ic e  v e r s a .
Tha Zn u p ta k e  by th a  r l c a  p la n t s  was h ig h e r  u n d e r  a e ro b ic  th an  
u n d e r  a n a e ro b ic  c o n d i t io n s .  U nder b o th  s o i l  c o n d i t io n s ,  Zn u p ta k e  by 
th a  r l c a  p l a n t s  d e c re a se d  w ith  each  s te p w is e  In c re a s e  o f  a  pH u n i t  
from  5 .0  to  8 .0 .  A s h a rp  d e c re a s e  In  Zn u p ta k e  by th e  r i c e  p la n t s  
o c c u r re d  when th e  p l a n t s  w ere grown u n d e r b o th  s o i l  c o n d i t io n s  a t  th e  
h ig h e r  pH v a lu e s .  No c o n s i s t e n t  e f f e c t  o f  a e ro b ic  and a n a e ro b ic  co n ­
d i t i o n s  on p l a n t  u p ta k e  o f  P was o b s e rv e d . The P u p ta k e  by  th e  r i c e  
p l a n t s  u n d e r  b o th  s o i l  c o n d i t io n s  c o n s i s t e n t l y  d e c re a s e d  a s  s o i l  pH 
was r a i s e d .
A ero b ic  and a n a e ro b ic  s o i l  c o n d i t io n s  d id  n o t c o n s i s t e n t l y  i n ­
f lu e n c e  r e c o v e r i e s  o f  added  l a b e l l e d  ammonlum-N, n l t r a t e - N ,  and u rea -N  
by th a  r i c e  p l a n t s .  T hree  u n i t s  I n c re a s e  i n  s o i l  pH from  4 .5  to  7 .5  
d e c re a s e d  re c o v e ry  o f  added l a b e l l e d  ammonlum-N by th e  p l a n t s  u n d er 
b o th  a o l l  c o n d i t io n s  and o f  added l a b e l l e d  n l t r a t e - N  u n d e r a e ro b ic  
c o n d i t io n s .
A ero b ic  c o n d i t io n s  w ere  I n d ic a te d  by a l a r g e  p o s i t i v e  redox  po­
t e n t i a l  v a lu e  o f  a p p ro x im a te ly  +640 mv a t  pH 5 .0 .  A n aero b ic  c o n d i­
t i o n s  w ere in d ic a te d  by a  l a r g e  n e g a t iv e  red o x  p o t e n t i a l  v a lu e  o f 
a p p ro x im a te ly  -2 6 0  mv a t  pH 8 .0 .  An In c re a s e  o r  d e c re a s e  o f  one pH 
u n i t  o v e r  th e  e x p e r im e n ta l  ran g e  f o r  b o th  s o l i  c o n d i t io n s  r e s u l t e d  in
x l i l
a d e c re a s e  o r  I n c re a s e  In  red o x  p o t e n t i a l  c lo s e  to  th e  t h e o r e t i c a l  
v a lu e  o f  60 mv. An in c r e a s e  In  pH u n ifo rm ly  I n c re a s e d  th e  e l e c t r i c a l  
c o n d u c t iv i ty  o f  th e  a e ro b ic  s o i l .  U nder a n a e ro b ic  c o n d i t io n s  th e  
e l e c t r i c a l  c o n d u c t iv i ty  In c re a s e d  a s  th e  pH v a lu e  was m a in ta in e d  a t  
low er o r  h ig h e r  th a n  th e  o r i g i n a l  6 .5  v a lu e  w hich was th e  pH v a lu e  
o f  th e  a n a e ro b ic  s o i l  b e fo re  pH a d ju s tm e n t .
x lv
INTRODUCTION
O x id a tio n * re d u c tio n  c o n d i t io n s  and  pH o f  a f lo o d e d  a o l l  h av e  a  
pronounced  e f f e c t  on  s o l u b i l i t y  o f  p la n t  n u t r i e n t s  and h en ce  t h e i r  
a v a i l a b i l i t y  to  r i c e  (Oryza a a t l v a  L . ) .  The p h y s ic a l ,  b i o l o g i c a l ,  
and ch e m ic a l p r o p e r t i e s  o f  red u ced  s o i l s  a r e  m ark ed ly  d i f f e r e n t  from 
th o se  o f  o x id iz e d  s o i l s .  G e n e ra l ly ,  b e t t e r  n u t r i t i o n  and g r a in  y ie ld s  
o f  r i c e  h av e  b een  o b se rv e d  when r i c e  i s  grown u nder re d u ce d  s o i l  c o n d i­
t i o n s  th a n  when grown u n d er o x id iz e d  c o n d i t io n s .  P la n ts  grown u n d er 
o x id iz e d  c o n d i t io n s  o f te n  s u f f e r  from  a d e f ic ie n c y  o f  s e v e r a l  e s s e n t i a l  
n u t r i e n t s .  P la n ts  grown u n d er h ig h ly  red u ced  s o i l  c o n d i t i o n s ,  on th e  
o th e r  h an d , may s u f f e r  from  t o x i c i t y  o f  r e d u c t io n  p r o d u c ts .  Too h ig h  o r  
to o  low a s o i l  pH l ik e w is e  c a u se s  d e f ic ie n c y  o r  t o x i c i t y  o f  c e r t a i n  
e s s e n t i a l  e le m e n ts .
P re v io u s  w o rk ers  such  as  Tanaka and N avasero  (1 9 6 6 a , 1966b,
1966c) and S e n e w lra tn e  and M ikkelsen  (1961) h av e  s tu d ie d  s e v e r a l  a s p e c ts  
o f  r i c e  n u t r i t i o n  i n  c u l t u r e  s o lu t i o n s .  O th er w o rk ers  h av e  i n v e s t i ­
g a te d  th e  c h e m is try  o f  p la n t  n u t r i e n t s  In  f lo o d e d  s o i l s  ( Ibnnam perum a, 
1955, 1965) and t h e i r  t r a n s f o rm a t io n s  u nder c o n t r o l l e d  s o i l  o x id a t lo n -  
r e d u c t io n  c o n d i t io n s  ( P a t r i c k ,  1960, 1964) and a l s o  u n d e r c o n t r o l l e d  
s o i l  pH and o x ld a t lo n - r e d u c t io n  c o n d i t io n s  (Gotoh and P a t r i c k ,  1972, 
1 9 7 4 ). E f f e c ts  o f  f lo o d e d  and  n o n flo o d e d  s o i l  c o n d i t io n s  on th e  
grow th an d  u p ta k e  o f  n u t r i e n t s  by r i c e  h av e  a l s o  been r e p o r te d  
(S e n e w lra tn e  and M ik k e lse n , 1 9 6 1 ). R ice i s  g e n e r a l ly  grown u n d er 
a w ide v a r i a t i o n  o f  s o i l  o x ld a t lo n - r e d u c t io n  and pH c o n d i t io n s .  
A d d it io n a l  s tu d y  I s  needed to  o b ta in  in fo rm a tio n  on th e  grow th  and 
n u t r i e n t  u p ta k e  by r i c e  grown u nder v a r io u s  co m b in a tio n s  o f  s o i l
2
o x ld a t lo n - r e d u c t io n  c o n d i t io n s  and  pH le v e ls  In  f lo o d e d  s o i l s .  One 
f a c t o r  w hich has  ham pered su ch  a s tu d y  la  th e  d i f f i c u l t y  o f  o b ta in in g  
u n ifo rm  s o i l  o x ld a t lo n - r e d u c t io n  c o n d i t io n s  due to  th e  h e te r o g e n e i ty  
o f  th e  s o i l  o x ld a t lo n - r e d u c t io n  p o t e n t i a l s  a lo n g  th e  s o i l  p r o f i l e  o r  
a lo n g  th e  o x id iz e d  and re d u ce d  la y e r s  o f  f lo o d e d  s o i l s .
A la b o r a to r y  te c h n iq u e  was d ev e lo p ed  f o r  g row ing th e  r i c e  p la n t s  
in  a  f lo o d e d  s o i l  su sp e n s io n  w hich a llo w e d  c lo s e  c o n t r o l  o f  s o i l  pH and 
u n ifo rm  s o i l  o x ld a t lo n - r e d u c t io n  c o n d i t io n s  (b o th  a e ro b ic  and a n a e ro b ic  
c o n d i t i o n s ) .  The p r e s e n t  i n v e s t i g a t i o n  u t i l i z e d  t h i s  te c h n iq u e  to  
c a r r y  o u t  e x p e r im e n ts  w ith  th e  fo llo w in g  o b j e c t i v e s :
1. To d e te rm in e  th e  e f f e c t  o f  a e ro b ic  and a n a e ro b ic  c o n d i t io n s  
and  pH on e a r ly  v e g e ta t iv e  g row th  and p h y s io lo g ic a l  d i s o r d e r s  o f  r i c e  
In  a f lo o d e d  s o i l .
2 . To d e te rm in e  th e  e f f e c t  o f  a e r o b ic  and a n a e ro b ic  c o n d i t io n s
and pH on u p ta k e  o f  n a t iv e  and added  l a b e l l e d  Fe and Mn by r i c e  In  a
f lo o d e d  s o i l .
3 . To d e te rm in e  th e  e f f e c t  o f  a e ro b ic  and a n a e ro b ic  c o n d i t io n s
and pH on u p ta k e  o f  n a t iv e  and added  l a b e l l e d  Zn and  P by r i c e  In  a
f lo o d e d  s o i l .
4 .  To d e te rm in e  th e  e f f e c t  o f  a e ro b ic  and a n a e ro b ic  c o n d i t io n s  
and pH on re c o v e ry  o f  added l a b e l l e d  ansnonlum-N and n l t r a t e - N  by r i c e  
in  a  f lo o d e d  s o i l .
3 . To d e te rm in e  th e  e f f e c t  o f  a e r o b ic  and a n a e ro b ic  c o n d i t io n s  
and pH on re c o v e ry  o f  added l a b e l l e d  amroonlun-N and u rea-N  by r i c e  in  
a f lo o d e d  s o i l .
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6 . To d e te rm in e  th e  e f f e c t  o f  a e r o b ic  and a n a e ro b ic  c o n d i t io n s  
and pH on th e  red o x  p o t e n t i a l ,  th e  amountB o f  a c id  and a l k a l i  added to  
m a in ta in  pH, th e  e l e c t r i c a l  c o n d u c t iv i ty ,  and th e  am ount o f  t o t a l  
s u l f i d e . s u l f u r  In  a f lo o d e d  s o i l .
REVIEW OF LITERATURE
A. E f f e c t  o f  F lo o d in g  on th e  Changes In  Some S o l i  P r o p e r t ie s
1. Changes In  E le c tro c h e m ic a l  P ro p e r t le a
The th r e e  m ost Im p o r ta n t e le c t r o c h e m ic a l  p r o p e r t i e s  o f  th e  s o i l  
t h a t  a r e  a f f e c t e d  by f lo o d in g  a r e  re d o x  p o t e n t i a l  (Eh o r  o x ld a t lo n -  
r e d u c t io n  p o t e n t i a l ) , pH, and e l e c t r i c a l  c o n d u c t iv i ty  ( P a t r i c k  and 
M ik k e lse n , 1 9 7 1 ).
a .  Redox p o t e n t i a l . The red o x  p o t e n t i a l  I s  th e  m ost co n ­
v e n ie n t  p h y s ic o c h e m ic a l m easurem ent t h a t  s e rv e s  to  d i s t i n g u i s h  an  
o x id iz e d  s o i l  from  a red u c ed  s o i l  (R o d rig o , 1963; P a t r i c k  and 
M ik k e lse n , 1971; and Ronnam peruna, 1 9 7 2 ). The re d o x  p o t e n t i a l  o f  
th e  s o i l  l a  d e te rm in e d  by th e  d e g re e  o f  o x id a t io n  o r  r e d u c t io n  o f  
re d o x  sy stem s I n  th e  s o i l .  O x id ized  o r  a e ro b ic  s o i l s  a r e  c h a r a c t e r ­
iz e d  by h ig h ly  p o s i t i v e  p o t e n t i a l s  (4800 to  4-300 mv) w h ile  m ost 
re d u ce d  o r  a n a e ro b ic  s o i l s , a f t e r  a  few weeks o f  su b m erg en ce , have 
la r g e  n e g a t iv e  p o t e n t i a l s  (4-200 to  -400 m v). Redman and P a t r ic k  
(1965) r e p o r te d  red o x  p o t e n t i a l  d e c re a se d  from  h ig h  v a lu e s  Im n e d la te ly  
a f t e r  f lo o d in g  t o  v e ry  low v a lu e s  a f t e r  30 d a y s .
P a t r i c k  and M ahapatra  (1968) s u g g e s te d  fo u r  g e n e r a l  ra n g e s  o f  
red o x  p o t e n t i a l  u s u a l ly  e n c o u n te re d  I n  o x id iz e d  and red u ced  s o i l s .
At pH 7 , o x id iz e d  s o i l s  a r e  c h a r a c te r iz e d  by a red o x  p o t e n t i a l  o f  
g r e a t e r  th a n  4400 mv, m o d e ra te ly  red u ced  s o i l s  from 4400 to  4100 mv, 
re d u c e d  s o i l s  from  4100 to  -100  mv, and h ig h ly  red u ced  s o i l s  from  -100  
to  -300  mv. Ponnamperuma (1972) r e p o r te d  t h a t  th e  c o u r s e ,  r a t e  and 
m ag n itu d e  o f  th e  d e c re a s e  In  re d o x  p o t e n t i a l  on subm ergence depend on
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Che n e tu r e  and am ount o f  o rg a n ic  m a t t e r ,  t h e  n a tu r e  and c o n te n t  o f  
e l e c t r o n  a c c e p t o r ! , te m p e ra tu re  and th e  p e r io d  o f  subm ergence o f  th e  
a o l l .
P a t r i c k  and  M ahapatra  (1968) I n d ic a te d  an  a p p ro x im a te  red o x  
p o t e n t i a l  a t  w hich o x id iz e d  forma o f  s e v e r a l  I n o rg a n ic  re d o x  sy stem s 
became u n s ta b l e .  A t pH 7 , a s  th e  re d o x  p o t e n t i a l  d e c re a s e s  below  a b o u t 
+320 mv, oxygen d is a p p e a re d .  N l t r a t e - n l t r o g e n  I s  u n s ta b le d  a t  a  p o te n ­
t i a l  o f  a b o u t +225 mv. M anganic-m anganese l a  red u c ed  a t  a b o u t +200 mv, 
f e r r i c  I ro n  a t  a b o u t +120 mv, and s u l f a t e  I s  red u c ed  to  s u l f i d e  a t  
a b o u t -150 mv. A cco rd in g  to  P e a r s a l l  (1 9 3 8 ), re d o x  p o t e n t i a l  v a lu e s  
low er th a n  +320 to  +350 mv a t  pH 5 c o n ta in e d  ammonium, f e r r o u s ,  and 
m anganous I o n s ,  w h ile  s o i l s  w ith  red o x  p o t e n t i a l s  above  t h i s  ran g e  
g e n e r a l l y  c o n ta in e d  n i t r a t e ,  f e r r i c  and  m anganic I o n s .  A ssis tin g  a 
re d o x  p o te n t ia l /p H  s lo p e  o f  -6 0  mv/pH u n i t ,  t h i s  c o r re sp o n d s  t o  a red o x  
p o t e n t i a l  ra n g e  o f  +200 to  +230 mv a t  pH 7 (£7 ) .  He c o n s id e r s  t h i s  
ra n g e  as  a b o rd e r  l i n e  b e tw een  red u c ed  and  o x id iz e d  s o i l  c o n d i t i o n s .
R e s u lts  o f  s e v e r a l  I n v e s t i g a t o r s  I n d ic a t e  t h a t  th e  c h a n lc a l  
ch an g es In  s o i l s  g e n e r a l l y  o c c u r  In  th e  fo llo w in g  seq u e n c e  a s  th e  
red o x  p o t e n t i a l  d e c r e a s e s :  d is a p p e a ra n c e  o f  o x y g en , r e d u c t io n  o f
n i t r a t e ,  r e d u c t io n  o f  m anganese to  d iv a l e n t  fo rm , r e d u c t io n  o f  I ro n  
to  d iv a l e n t  fo rm , and r e d u c t io n  o f  s u l f a t e  to  s u l f i d e  (Aomlne, 1962; 
Ponnamperiana, 1965; T ak a i and Kamura, 1966; T u rn er an d  P a t r i c k ,  1 9 6 8 ).
P o s tg a te  (1959) d e m o n s tra te d  t h a t  th e  red o x  p o t e n t i a l  c o u ld  be 
low ered  to  -200  mv by th e  a d d i t i o n  o f  a  s o lu t i o n  c o n ta in in g  15 ppm o f  
H^S. Redman and P a t r i c k  (1965) r e p o r te d  t h a t  I ro n  compounds In  th e  
s o i l  w ere a c t i v e  I n  r e t a r d i n g  th e  d e c l in e  o f  re d o x  p o t e n t i a l  a f t e r  
su bm ergence . On th e  o th e r  h a n d , th e y  r e p o r te d  th e  p o t e n t i a l  o f  a
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h ig h ly  red u ced  t o l l  was In c re a s e d  by th e  a d d i t i o n  o f  n i t r a t e .  The 
p o t e n t i a l  d id  n o t  f a l l  to  I t s  p re v io u s  v a lu e  u n t i l  a l l  o f  th e  n i t r a t e  
was re d u c e d .
b .  S o i l  r e a c t io n  (p H ). Redman and P a t r i c k  (1965) found  t h a t  
subm ergence ten d ed  to  s h i f t  th e  s o i l  pH to  v a lu e s  n e a r  th e  n e u t r a l  
p o i n t .  In  g e n e r a l ,  a c id  s o i l s  In c re a s e d  In  pH a f t e r  subm ergence and 
a l k a l i n e  s o i l s  d e c re a s e d  In  pH a f t e r  subm ergence. Ponnamperuma, 
M a r t in e z ,  and Loy (1966) r e p o r te d  t h a t  th e  in c r e a s e  I n  pH o f  a c id  s o i l s  
was l a r g e l y  due to  th e  r e d u c t io n  o f  I ro n  and r e l a t e d  t h i s  q u a n t i t a t i v e l y  
to  th e  p o t e n t i a l  o f  F e (0H)3~Fe++ sy s tem  and to  Fe^+ a c t i v i t y ,  w h ile  th e  
d e c re a s e  i n  pH o f  s o d lc  and c a lc a re o u s  s o i l s  was r e l a t e d  to  th e  p a r t i a l  
p r e s s u re  o f  c a rb o n  d io x id e  th ro u g h  th e  Na2C03~H20-C02 and C aC O j-^O -C t^  
e q u i l ib r iu m  r e s p e c t i v e l y .
Ponnamperiana (1965) found t h a t  f o r  each  0 .5  pH u n i t  change th e r e  
was a 1 0 -f o ld  d i f f e r e n c e  In  Fe c o n c e n t r a t io n  in  th e  a o l l  s o l u t i o n .  He 
f u r t h e r  s t a t e d  t h a t  r i c e  p la n t s  may became Fe d e f i c i e n t  a t  pH v a lu e s  
h ig h e r  th a n  7 .5  b e c a u se  o f  a  low c o n c e n t r a t io n  o f  Fe'*'*' Io n  i n  th e  s o i l  
s o l u t i o n ,  a s  w e l l  a s  th e  fo rm a tio n  o f  I n s o lu b le  F e(0H>3 I n  th e  r i c e  
r o o t s .
c .  E l e c t r i c a l  c o n d u c t iv i t y . Redman and P a t r i c k  (1965) 
r e p o r te d  t h a t  e l e c t r i c a l  c o n d u c t iv i ty  g e n e r a l ly  in c r e a s e d  upon subm erg­
in g  th e  s o i l .  D ecreases  In  e l e c t r i c a l  c o n d u c t iv i ty  a f t e r  subm ergence 
o c c u r re d  o n ly  f o r  s o i l s  I n i t i a l l y  h ig h  In  n i t r a t e  n i t r o g e n .  They 
I n d ic a te d  t h a t  o rg a n ic  m a t te r  s e rv e d  to  in c r e a s e  e l e c t r i c a l  c o n d u c t iv i ty .
M ortim er (1941) a t t r i b u t e d  th e  i n c r e a s e  in  co n d u c tan ce  to  th e  
r e l e a s e  o f  Fe^+ and Mn^+ from th e  i n s o lu b le  h y d ra te d  o x id e s  o f  Fe^+
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and Mn4 + , th e  a c c u m u la tio n  o f  NH^, and i n  c a lc a re o u a  s o i l ,  to  th e  
r e l e a a e  o f  Ca++ a s  a r e s u l t  o f  th e  s o l u b i l i z a t i o n  o f  CaC03 by CO2 .
IRRI (1967) r e p o r te d  t h a t  i n c r e a s e  i n  e l e c t r i c a l  c o n d u c t iv i ty  
beyond 4 tnmhos/cm makes th e  c o n d i t io n s  u n fa v o ra b le  f o r  th e  h e a l th y  
grow th o f  r i c e .
2 . Changes i n  C hem ical P r o p e r t ie s
D r a s t ic  changes i n  th e  ch e m ic a l p r o p e r t i e s  o f  a  s o i l  o c c u r  In  
f lo o d in g .  Among th e  ch em ica l changes t h a t  ta k e  p la c e  when a  s o i l  i s  
k e p t f lo o d e d  a r e :  a )  an  a c c u m u la tio n  o f  ammonia, b) an  In c re a s e  in
s o l u b i l i t y  o f  Mn, c )  an  in c r e a s e  In  s o l u b i l i t y  o f  F e , d ) an  I n c re a s e  
i n  s o l u b i l i t y  o f  P, e )  a  r e d u c t io n  o f  s u l f a t e ,  and f )  a d e c re a s e  In  
s o l u b i l i t y  o f  Zn,
a .  A ccu m u la tio n  o f  am m onia. The m in e r a l i z a t io n  o f  o rg a n ic  
n i t r o g e n  i n  subm erged s o i l s  s to p s  a t  th e  am nonia s ta g e  b e c a u se  o f  th e  
la c k  o f  oxygen to  c a r r y  on anmonlum o x id a t io n  to  n i t r i t e  and n i t r a t e .
For t h i s  re a so n  ammonia a c c u n u la te a  i n  a n a e ro b ic  s o i l s .
Tusneem and P a t r i c k  (1971) found t h a t  th e  i n i t i a l  r a p id  in c r e a s e  
and s u b se q u e n t d e c re a s e  i n  ansnonlun a c c u m u la tio n  u n d er w a te r lo g g e d  
c o n d i t io n s  as  com pared w ith  o p tlm u n  m o is tu re  c o n d i t i o n s , w ere a t t r i b u t e d  
to  th e  low n i t r o g e n  re q u ire m e n ts  o f  a n a e ro b ic  m e tab o lism  and to  s u b s e ­
q u e n t n i t r o g e n  lo s s  r e s p e c t i v e l y .
Redman and P a t r i c k  (1965) r e p o r te d  t h a t  f lo o d in g  th e  s o i l  r e s u l t e d  
In  l a r g e  in c r e a s e s  I n  ammonia c o n te n t .  A d d itio n  o f  0 .2 5  p e rc e n t  co rn  
le a v e s  f u r t h e r  In c re a s e d  th e  p ro d u c tio n  o f  ammonia. A ll  s o i l s  red u ced  
n i t r a t e  n i t r o g e n  u n d er subm erged c o n d i t i o n s .  Added o rg a n ic  m a t te r  
g e n e r a l ly  in c r e a s e d  th e  n i t r a t e  r e d u c t io n  r a t e .  P a t r i c k  and W yatt
(1964) found a c o n s id e ra b ly  h ig h e r  r a t a  o f  in o rg a n ic  n i t r o g e n  r e l e a a e
8
in  w a te r lo g g e d  s o i l s  th a n  i n  w e l l - d r a in e d  s o i l s .  In  a  nisnber o f  s o i l s ,  
W aring and  Bremner (1964) o b se rv e d  a  m ore r a p id  r a t e  o f  n e t  m in e r a l i s a ­
t i o n  u n d er w a te r lo g g e d  th a n  under a e r o b ic  c o n d i t i o n s .
A cco rd in g  to  W aring and  Bremner (1964) and B roadbent and Reyes 
(1 9 7 1 ), In o rg a n ic  n i t r o g e n  i s  r e l e a s e d  i n  la r g e  q u a n t i t i e s  and f a s t e r  
i n  a n a e ro b ic  s o i l s  th a n  i n  a e ro b ic  s o i l s  b e c a u se  le s s  Im m o b iliz a tio n  
o f  n i t r o g e n  o c c u rs  In  a n a e ro b ic  m ed ia . P a t r i c k  and W yatt (1964) 
o b se rv e d  t h a t  n i t r o g e n  m in e r a l i z a t i o n  u n d er red u ced  c o n d i t io n s  was 
c o n s id e ra b ly  h ig h e r  th a n  t h a t  u nder o x id iz e d  c o n d i t io n s .  The h ig h e r  
r a t e  o f  m in e r a l i z a t i o n  i n  red u c ed  s o i l  was a t t r i b u t e d  to  th e  in c r e a s e  
in  pH o f  th e  s o i l s  b ro u g h t on  by subm erg en ce .
P a t r ic k  and Tusneem (1972) r e p o r te d  an  a p p r e c ia b le  lo s s  o f  
l a b e l l e d  n i t r o g e n  o c c u r re d  in  f lo o d e d  s o i l s  exposed  to  a tm o sp h e r ic  
oxygen . N itro g e n  added as  anrooniian was a p p a r e n t ly  n i t r i f i e d  in  th e  
a e r o b ic  s u r f a c e  la y e r  o f  s o i l  and th e n  d i f f u s e d  downward i n t o  th e  
u n d e r ly in g  a n a e ro b ic  zone when i t  was d e n i t r i f i e d  and l o s t  from th e  
system *
The m ain t r a n s f o rm a t io n s  o f  n i t r o g e n  In  subm erged s o i l s  a r e  
a c c u m u la tio n  o f  am nonia , d e n i t r i f i c a t i o n ,  and n i t r o g e n  f i x a t i o n .  These 
t r a n s f o rm a t io n s  hav e  an  Im p o r ta n t b e a r in g  on th e  n u t r i t i o n  o f  r i c e .  
T ra n s fo rm a tio n s  o f  n i t r o g e n  w ith  th e  em phasis on subm erged paddy s o l l a  
h av e  been  e x te n s iv e ly  rev iew ed  d u r in g  th e  p a s t  d ecad e  ( P a t r i c k  and 
M ah ap a tra , 1968; Fonnamperuma, 1972; Tusneem and P a t r i c k ,  19 7 1 ).
b . R ed u c tio n  o f  m anganese . M anganese la  an  e s s e n t i a l  e lem en t 
t h a t  un d erg o es a  m arked I n c re a s e  in  s o l u b i l i t y  upon f lo o d in g .  The 
r e l e a s e  o f  m anganese in to  th e  s o i l  s o lu t io n  p rec ed es  t h a t  o f  I ro n
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b e c a u se  m anganese I s  m ore r e a d i l y  red u ced  and re n d e re d  m ore s o lu b le  
th a n  I r o n .
M andal (1961) showed t h a t  m anganese e n te r e d  I n to  th e  e x ch an g eab le  
com plex and a l s o  ap p e a red  In  s o lu b le  form  much e a r l i e r  th a n  I ro n .  He 
p o in te d  o u t  t h a t  t r a n s f o rm a t io n s  o f  m anganese In  f lo o d e d  s o i l  I s  s im i l a r  
to  t h a t  o f  I ro n  b u t  th e  d e g re e  and i n t e n s i t y  o f  t r a n s f o x u a t io n  v a r i e s  
owing to  I t s  h ig h e r  re d o x  p o t e n t i a l  th a n  i r o n .  Redman and Ha t r i c k
(1965) r e p o r te d  a p p ro x im a te ly  s ix  tim es  as  much m anganese was e x t r a c te d  
from a n a e ro b ic  s o i l  a f t e r  30 days subm ergence as  u n d er a i r - d r y  c o n d i t io n s .
IVtrner and P a t r i c k  (1968) r e p o r te d  t h a t  e x ch an g e a b le  m anganese In  
C row ley s i l t  loam in c r e a s e d  from a b o u t 20 ppm t o  280 ppm a f t e r  7 days o f  
subm ergence. They a l s o  r e p o r te d  t h a t  th e  c o n v e rs io n  o f  e a s i l y  r e d u c ib le  
m anganese to  th e  ex ch an g e a b le  form in  an a n a e ro b ic  s o i l  was g r e a t e s t  
when th e  re d o x  p o t e n t i a l  d e c re a s e d  to  a b o u t +200 tmr. In  an  a e ro b ic  
s o l l t no e x c h a n g e a b le  m anganese was p r e s e n t  above a pH o f  6 . I n  an  
a n a e ro b ic  s o i l ,  e x c h a n g e a b le  m anganese was p r e s e n t  up to  pH 11. They 
f u r t h e r  found t h a t  m anganese began  to  be red u ced  a t  a  red o x  p o t e n t i a l  o f  
■*400 mv and was e s s e n t i a l l y  c o m p le te ly  re d u ce d  a t  a red o x  p o t e n t i a l  o f  
+200 mv. Singh (1969) r e p o r te d  t h a t  f lo o d in g  In c re a s e d  th e  a v a i l a b i l i t y  
o f  m anganese In  a c id  s o i l s  to  such  a h ig h  l e v e l  t h a t  i t  became to x ic  
and c a u se d  a b ro n z in g  d i s e a s e  to  th e  r i c e  p l a n t s .
M anganese t r a n s f o rm a t io n s  In  f lo o d e d  s o i l s  as  a f f e c t e d  by Eh-pH 
r e l a t i o n s h i p s  h av e  b een  exam ined by v a r io u s  w o rk ers  (Bohn, 1968, 1970; 
C o l l in s  and B uol, 1970a, 1970b; Fonnam peruna, Loy, and T la n c o , 1969;
T a k a l, 1961; T u rn er and P a t r i c k ,  1 9 6 8 ). M ost o f  th e s e  s tu d i e s  h av e  
been  t h e o r e t i c a l  In  n a tu r e ,  p ro b a b ly  as  a r e s u l t  o f  th e  d i f f i c u l t y  In  
c o n t r o l l i n g  b o th  Eh and pH i n  b i o l o g i c a l l y  dynam ic sy s tm n s . Gotoh and
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P a t r i c k  (1972) s tu d ie d  th e  d i s t r i b u t i o n  o f  d i f f e r e n t  f o n ts  o f  m anganese 
In  f lo o d e d  s o i l  o v e r  a  w ide ra n g e  o f  c l o s e ly  c o n t r o l l e d  Eh-pH c o n d it io n s  
end c o n c lu d e d  t h a t  th e  Eh and  pH o f  f lo o d e d  s o i l s  p ro v id e  g e n e r a l  
c o n t r o l  o f  m anganese t r a n s f o r m a t io n .  They r e p o r te d  t h a t  a t  pH 5 a lm o s t 
a l l  o f  th e  s o i l  m anganese was c o n v e r te d  from  r e d u c ib le  to  th e  w a te r -  
s o lu b le  p lu s  e x c h a n g e a b le  f r a c t i o n  even a t  red o x  p o t e n t i a l  as  h ig h  as 
+500 mv. I n  a h a rp  c o n t r a s t ,  a t  pH l e v e l s  betw een  6 and  8 , m ost o f  th e  
c o n v e r s io n  to o k  p la c e  a t  r e l a t i v e l y  low red o x  p o t e n t i a l s  o f  +200 to  
+300 mv.
c .  R ed u c tio n  o f  I r o n . The m ost Im p o r ta n t c h e m ic a l change 
t h a t  ta k e s  p la c e  when a s o l i  I s  f lo o d e d  I s  th e  r e d u c t io n  o f  I ro n  and 
th e  accom panying I n c r e a s e  I n  I t s  s o l u b i l i t y .
I t  I s  w e l l  e s t a b l i s h e d  t h a t  f lo o d e d  s o i l s  a r e  s u b je c t  to  a 
s u c c e s s io n  o f  I ro n  t r a n s f o r m a t io n s  from  th e  f e r r i c  to  f e r r o u s  s t a t e  
u n d e r  r e d u c in g  c o n d i t io n s  c a u se d  by a  w ide v a r i e t y  o f  f a c u l t a t i v e  
a n a e ro b ic  s o i l  b a c t e r i a  (S ta rk e y  and  H a lv o rso n , 1927; A l l i s o n  and 
S c a r s e th ,  1942; B ro m fle ld  and W ill ia m s , 1963; T akal and Kamura,
1966; O ttow and  G la th e ,  1 9 7 1 ).
Redman and  P a t r i c k  (1965) r e p o r te d  t h a t  l a r g e  q u a n t i t i e s  o f  I ro n  
w ere r e l e a s e d  In  th e  f e r r o u s  form  as  a r e s u l t  o f  subm ergence. A d d itio n  
o f  o rg a n ic  m a t te r  u s u a l ly  In c re a s e d  th e  r e l e a s e  o f  i r o n .  A n aero b ic  
s o i l s  and se d im e n ts  h av e  much m ore Fe I n  s o l u t i o n —a p p ro x im a te ly  50 to  
100 p a r t s  p e r  m i l l i o n  (ppm ), com pared to  le a s  th a n  1 ppm in  a e r o b ic  
s o i l s  (G otoh and P a t r i c k ,  1 9 7 4 ).
T u rn e r  and P a t r i c k  (1968) r e p o r te d  t h a t  e x ch a n g e ab le  f e r r o u s  i ro n  
In c re a s e d  from  a b o u t 5 ppm to  360 ppm In  a  S harkey  s i l t y  c l a y  a f t e r  7 
day s  o f  su b m erg en ce . A cco rd in g  to  Ponnatnperinna (1 9 6 5 ), th e  r e d u c t io n
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o f  i r o n  I n  a  w a te r lo g g e d  s o i l  l a  f a v o re d  by : 1) t h e  a b s e n c e  o f  s u b -
s t a n c e s  a t  a  h i g h e r  l e v e l  o f  o x i d a t i o n ,  such  a s  n i t r a t e  and m anganese 
d i o x i d e ,  2 ) t h e  p r e s e n c e  o f  r e a d i l y  decom posable  o r g a n ic  m a t t e r ,  and
3) a good s u p p ly  o f  a c t i v e  i r o n .
F e r r i c  I r o n  compounds w hich p re d o m in a te  i n  w e l l  d r a in e d  s o i l s  
a r e  r e d u c e d  t o  a  m ore s o l u b l e  f e r r o u s  form when a s o i l  i s  w a te r lo g g e d  
( S ta r k e y  and  H a lv o rs o n ,  1927; A le x a n d e r ,  1961; T akai and  Kamura, 1966). 
A cco rd in g  t o  K am oshlta  and Xwasa (1 9 5 9 ) ,  and Ponnamperuma, T la n c o ,  and 
Loy (1 9 6 7 ) ,  t h e  m ost commonly o c c u r r i n g  I ro n  compounds I n  f lo o d e d  s o i l s  
may be F*2°3  ( h e m a t i t e ) , and su ch  f e r r i c  o x y h y d ro x ld e s  as  F e fO H ^ ’n ^ O  
(amorphous f e r r i c  oxyhydrox lde ),« t-F eO O H  ( g e o t h l t e ) , y  -FeOOH ( le p ld o r o -  
c l t e ) ,  and  Fe3 (0H )g , ( f e r r o s o f e r r i c  h y d r o x id e )  which a r e  l i k e l y  
In v o lv e d  I n  t h e  re d o x  e q u i l i b r i a .
P a t r i c k  (1964) r e p o r t e d  e x t r a c t a b l e  i r o n  In  f lo o d e d  s o i l  was 
l a r g e l y  p r e s e n t  i n  t h e  f e r r o u s  form a t  r e d o x  p o t e n t i a l s  below  +200 mv. 
F e r ro u s  I r o n  i n c r e a s e d  g r e a t l y  w i th  a d e c r e a s e  i n  re d o x  p o t e n t i a l  
below  4200 mv. Motomura (1969) r e p o r t e d  t h a t  t h e  r e d u c t i o n  o f  I r o n  
compounds depends  on  th e  f a c t o r s  such  a s  th e  c o n t e n t  o f  e a s i l y  decom­
p o s a b le  o r g a n i c  m a t t e r ,  amount o f  f r e e  i r o n  o x id e s ,  re d o x  p o t e n t i a l  and 
pH. T e m p era tu re  below  10°C slow ed  down t h e  p ro c e s s  o f  r e d u c t i o n ,  b u t  
t h e  same above I t  enhanced  t h e  p r o c e s s .  The p re s e n c e  o f  n i t r a t e - n i t r o g e n  
r e t a r d e d  t h e  r e d u c t i o n  o f  i r o n  w hereas  t h e  p r e s e n c e  o f  s u g a r  h a s te n e d  I t .
I t  h a s  been  r e p o r t e d  t h a t  a  d e c r e a s e  i n  red o x  p o t e n t i a l  I n c r e a s e s  
t h e  c o n c e n t r a t i o n  o f  f e r r o u s  I r o n  and t h a t  b a c t e r i a  p la y  a p r i n c i p a l  
r o l e  i n  I r o n  t r a n s f o r m a t i o n  ( I g n a t l e f f ,  1941; B lo o m f ie ld ,  1949; B rad ley  
and  S i e l l n g ,  1 9 5 3 ) .  P a t r i c k  (1964) n o te d  a l a r g e  r e l e a s e  o f  f e r r o u s  
I ro n  when re d o x  p o t e n t i a l  f e l l  below  +200 mv. He a t t r i b u t e d  t h i s
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i n c r e a s e  In  f e r r o u s  I r o n  to  th e  r e d u c t i o n  o f  i n s o l u b l e  f e r r i c  compounds 
w hich w ere  u n s t a b l e  a t  t h i s  r e d u c in g  p o t e n t i a l .
C r i t i c a l  r e d o x  p o t e n t i a l  a t  w hich i r o n  i s  r e l e a s e d  i n  f lo o d e d  
s o i l s  h a s  been  r e p o r t e d .  P e a r s a l l  and  M ortim er (1 9 3 9 ) ,  T a k a i and  
Kamura (1 9 6 6 ) ,  and  Gotoh and Y am ashlta (1966) r e p o r t e d  v a lu e s  o f  +350 
mv, +200 mv and  +280 mv, r e s p e c t i v e l y .  P a t r i c k  (1964) found  t h a t  
s o l u b l e  i r o n  began  to  i n c r e a s e  when t h e  re d o x  p o t e n t i a l  d e c r e a s e d  to  
a b o u t  +150 mv and c o n t in u e d  to  i n c r e a s e  w i th  a  f u r t h e r  d e c r e a s e  i n  redox  
p o t e n t i a l .  Gotoh and P a t r i c k  (1974) s t u d i e d  th e  d i s t r i b u t i o n  o f  d i f f e r *  
e n t  forms o f  i r o n  i n  a  w a te r lo g g e d  s o i l  o v e r  a  w ide  ra n g e  o f  c l o s e l y  
c o n t r o l l e d  re d o x  p o t e n t i a l  and  pH c o n d i t i o n s .  They found t h a t  i n c r e a s e s  
i n  w a t e r - s o l u b l e  and e x c h a n g e a b le  i r o n  w ere  f a v o re d  by a  d e c r e a s e  i n  
b o th  red o x  p o t e n t i a l  and  pH. They r e p o r t e d  t h a t  th e  c r i t i c a l  re d o x  
p o t e n t i a l s  f o r  i r o n  r e d u c t i o n  and c o n s e q u e n t  d i s s o l u t i o n  was betw een 
+300 mv an d  +100 mv a t  pH 6 and 7 ,  and -100 mv a t  pH 8 , w h i le  a t  pH 5 
a p p r e c i a b l e  r e d u c t i o n  o c c u r r e d  a t  +300 mv. They f u r t h e r  r e p o r t e d  t h a t  
w a t e r - s o l u b l e  i r o n  a c c o u n te d  f o r  76% o f  t h e  w a t e r - s o l u b l e  p lu s  exch an g e­
a b l e  f r a c t i o n  u n d e r  th e  m ost a c i d  c o n d i t i o n s  i n  c o m b in a t io n  w i th  t h e  
m ost re d u c e d  c o n d i t i o n s  (pH 5 and Eh -250 mv). At pH 8 , t h e  c o r re s p o n d ­
in g  v a lu e  was o n ly  4% a t  a red o x  p o t e n t i a l  o f  -250 mv.
d .  Change i n  p h o sp h a te  s o l u b i l i t y . Most r e p o r t s  i n  th e  
l i t e r a t u r e  i n d i c a t e  t h a t  subm ergence b r in g s  a b o u t  an  i n c r e a s e  and 
s u b s e q u e n t  d e c r e a s e  i n  s o l u b i l i t y  o f  phosphorus  i n  th e  s o i l s .  The 
I n c r e a s e  In  s o l u b i l i t y  o f  p h o sp h a te  I n  s o i l  b ro u g h t  on by subm ergence 
h a s  u s u a l l y  b e e n  a t t r i b u t e d  t o ;  a )  d is p la c e m e n t  o f  p h o sp h a te  from 
I n s o l u b l e  f e r r i c  and aluminum p h o sp h a te s  by o r g a n ic  a n io n s  (B rad ley  
and  S t a l i n g ,  1 9 5 3 ) ,  b )  th e  r e d u c t i o n  o f  I n s o l u b l e  f e r r i c  p h o sp h a te
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( I s la m  and E l a h l ,  1954; P a t r i c k ,  1964),  c )  h y d r o ly s i s  o f  f a r r l c  and 
a lu m ln u n  p h o sp h a te s  I n  a l k a l i n e  s o i l s  (Ponnamperiana, 1955; V a le n c ia ,
1 9 6 2 ) ,  d )  exchange  o f  p h o s p h a te  a d so rb e d  on  c l a y  s u r f a c e s  by o r g a n ic  
a n io n s  ( R u s s e l l ,  1 9 6 1 ) ,  and e )  r e l e a s e  o f  o c c lu d e d  p h o sp h a te  (Chang 
and  J a c k s o n ,  1958; M a h a p a tra , 1966).  Hie s u b se q u e n t  d e c r e a s e  may be 
c a u s e d  by a )  r e s o r p t i o n  o f  p h o sp h a te  on  c l a y  o r  a lun ln ixn  h y d ro x id e  
(B ro m f le ld ,  1 9 6 0 ) ,  and  b )  I n c r e a s e  In  pH
Submergence o f  a s o l i  u s u a l l y  r e s u l t s  I n  an I n c r e a s e  i n  e x t r a c t -  
a b l e  s o i l  p h osphorus  (B each e r ,  1952; Bonnamperuroa, 1955) and  an  i n c r e a s e  
i n  t h e  u t i l i z a t i o n  o f  phosphorus  by th e  r i c e  c ro p  (S h a p iro ,  1 9 5 8 a) .  
P a t r i c k  (1964) r e p o r t e d  t h a t  e x t r a c t a b l e  phosphorus  I n c r e a s e d  o v e r  
t h r e e - f o l d  be tw een  red o x  p o t e n t i a l s  +200 and -200  mv. The c o n v e r s io n  
o f  p h o sp h a te  t o  an  e x t r a c t a b l e  form was a s s o c i a t e d  w i th  th e  r e d u c t io n  
o f  f e r r i c  compounds I n  th e  s o i l .
Redman and P a t r i c k  (1968) r e p o r t e d  e x t r a c t a b l e  phosphorus  was an 
a v e ra g e  o f  a b o u t  21 p e r c e n t  h i g h e r  u n d er  red u ced  c o n d i t i o n s  b ro u g h t  on 
by subm ergence th a n  u n d e r  a i r - d r y  c o n d i t i o n s  i n  a number o f  s o i l s . 
A p p re c ia b le  p h o sp h a te  r e l e a s e  o c c u r r e d  o n ly  In  th o s e  s o i l s  t h a t  r e l e a s e d  
l a r g e  amounts o f  f e r r o u s  I r o n .  Redman and P a t r i c k  (1965) r e p o r t e d  t h a t  
I n  a c i d  s o i l s  c o n t a i n i n g  f r e e  I r o n  o x i d e ,  p h o sp h a te  a l s o  e x i s t s  In  an  
o c c lu d e d  fo rm , and w a te r lo g g in g  t h e  s o i l  u s u a l l y  c a u se s  r e d u c t i o n  o f  
h y d r a te d  f e r r i c  o x id e  t o  f e r r o u s  h y d ro x id e  w i th  t h e  s u b se q u e n t  r e l e a s e  
o f  a p a r t  o f  t h e  o c c lu d e d  p h o s p h a te .
P a t r i c k  (1964) r e p o r t e d  a  m arked I n c r e a s e  In  e x t r a c t a b l e  phosphorus 
a s  a r e s u l t  o f  lo w e r in g  th e  red o x  p o t e n t i a l  below +200 mv. E x t r a c t a b l e  
phosphorus  I n c r e a s e d  from  10 t o  35 ppm betw een  red o x  p o t e n t i a l s  o f  +200 
and -200  mv. The f a c t  t h a t  f e r r i c  i r o n  began to  be  re d u c e d  t o  t h e
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f e r r o u a  f o r a  a t  th a a e  p o t e n t i a l *  ta n d a  to  c o n f i rm  t h a t  t h l a  I n c r a a a a  
I n  a m t r a c t a b l a  phoaphorua cam* from t h a  c o n v a ra lo n  o f  f a r r l c  p h o ap h a te  
t o  t h a  more a o l u b l a  f a r r o u a  p h o a p h a ta .
Tha I n c r a a a a  I n  pH o f  a c i d  a o l l a  aa a r a a u l t  o f  w a te r lo g g in g  la  
a l a o  c o n a ld a r e d  t o  a i d  I n  t h a  a o l u b l l l t y  o f  I r o n  and  a lun lnm n  phoc- 
p h a ta a  (M ikkelaen  and P a t r i c k ,  1 9 7 1 ) .  One o f  t h a  changaa b ro u g h t  a b o u t  
by w a ta r lo g g ln g  a  a o l l  t h a t  l a  I m p o r ta n t  to  t h e  n u t r i t i o n  o f  low land  
r l c a  l a  t h a  i n c r a a a a  I n  a v a i l a b i l i t y  o f  a o l l  phoaphorua ( S a p l r o ,
1958b; Savan t and E l l l a ,  1964; Radman and F fc tr lc k ,  1965; P a t r i c k  and 
M a h a p a tra , 1 9 6 8 ) .
A m arkad I n c r a a a a  I n  t h a  a v a i l a b i l i t y  o f  n a t i v e  and added phoa- 
p h a ta a  I n  re d u c e d  a o l l a  aa  compared t o  t h a t  I n  o x id i z e d  onea haa been 
w a l l  d o c u a a n ta d  (A okl, 1941; B e a c h e r ,  1952; S h a p i ro ,  1958a, 1958b;
D av ide , 1961; P a t r i c k ,  1964; Redman and P a t r i c k ,  19 6 5 ) .  Blddulph 
(1953) and  Humphrlea (1962) h av e  ahowed t h a t  t h e  u p ta k e  o f  phoaphorua 
waa c o u a ld e r a b ly  c u r t a i l e d  by  t h a  p r e c i p i t a t i o n  o f  t h e  I ro n  d e p o a l t e  In  
an d  a ro u n d  r o o t a .
B ecauae o f  t h a  p r e c i p i t a t i o n  o f  FeP04 o u t a l d e  th a  r i c e  r o o t a ,  th e  
a v a i l a b i l i t y  o f  phoaphorua a h o u ld  b e  c o n e ld e r a b ly  re d u c e d  and t h e  
I n c r a a a a  i n  phoaphorua a v a i l a b i l i t y  cau aed  by r e d u c t i o n  o f  t h e  a o l l  
v i r t u a l l y  n u l l i f i e d .
The a v a i l a b i l i t y  o f  n a t i v e  and  a p p l i e d  p h o ap h a te  t o  r i c e  grown 
on f i v e  w a te r lo g g e d  a o l l a  waa a t u d l a d  by V a le n c ia  (1 9 6 2 ) .  He o b e e rv a d  
t h a t  aoon a f t e r  f lo o d in g  p h o a p h a ta  l n c r e a a a d ,  a p p a r e n t l y  th ro u g h  th e  
h y d r o ly e la  o f  AIFO4 and  th a  r e d u c t i o n  o f  FePO^. A f t e r  a long  p e r io d  o f  
w a ta r lo g g ln g ,  h o w ev e r ,  p h o ap h a ta  became le a s  a v a i l a b l e ,  p ro b a b ly  due to  
f i x a t i o n .
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The I n c re a s e d  a v a i l a b i l i t y  o f  s o i l  phosphorus h as  u s u a l l y  been  
a t t r i b u t e d  to  r e d u c t i o n  o f  f e r r i c  p h o sp h a te  t o  th e  more s o l u b l e  f e r r o u a  
form u n d er  c h e m ic a l ly  red u ced  c o n d i t i o n s  b ro u g h t  on by t h e  d e p l e t i o n  o f  
oxygen and th e  p ro d u c t io n  o f  re d u c e d  o r g a n ic  and  In o rg a n ic  s u b s ta n c e s  
In  t h e  s o i l  ( I s la m  and E l a h l f 1954; Jtonnatnpensna, 1955).
e .  R ed u c tio n  o f  s u l f a t e . R ed u c tio n  o f  s u l f a t e  to  s u l f i d e  
t a k e s  p l a c e  i n  a  f lo o d e d  Si>bl-«i'fter I t  h as  undergone a p p r e c i a b l e  r e d u c ­
t i o n .  This c o n v e r s io n  I s  c a r r i e d  o u t  p r i m a r i l y  by a  u n iq u e  g roup  o f  
b a c t e r i a  known c o l l e c t i v e l y  a s  s u l f a t e - r e d u c e r s  ( S ta r k e y ,  1950).  They 
a r e  s t r i c t  a n a e ro b e s  and t h e i r  a c t i v i t i e s  a r e  a f f e c t e d  by red o x  p o te n ­
t i a l  and pH.
S u l f id e s  In  L o u is ia n a  s o i l s  h av e  b een  found t o  v a r y  from a low o f
0 . 2  ppm t o t a l  s u l f i d e  f o r  a s h o r t  submerged d u r a t i o n  (R o d r ig u e s ,  J o rd a n ,
and H o l l i s ,  1965) to  a  h ig h  o f  10 to  45 ppm a t  th e  end o f  th e  grow ing
s e a s o n .  P o s tg a te  (1959) p ro p o sed  t h a t  t h e  s o i l  Eh sh o u ld  be  a b o u t  -200
mv i n  o r d e r  to  s t i m u l a t e  t h e  m i c r o b i a l  r e d u c t i o n  o f  s u l f a t e  t o  s u l f i d e .
C o n n e l l  and  P a t r i c k  (1969) d e m o n s tra te d  In  an In c u b a te d  s o i l  t h a t  
t h e  c r i t i c a l  r e d o x  p o t e n t i a l  f o r  th e  I n c e p t i o n  o f  s u l f a t e  r e d u c t io n  
was a b o u t  -150 m i l l i v o l t s .  Ih ey  a l s o  r e p o r t e d  t h a t  t h e  pH ra n g e  f o r  
s u l f i d e  a c c u m u la t io n  In  a C row ley s l i t  loam to  be betw een 6 .0  and 9 .5 .  
The maxlmim s u l f i d e  a c c u m u la t io n  was found t o  be a t  pH 6 . 8 .
H o l l i s  (1 9 6 7 ) ,  u s in g  t h e o r e t i c a l  v a l u e s ,  showed t h a t  f r e e  s u l f i d e  
l e v e l s  i n  I o u i s i a n a  paddy s o i l s  may be t o x i c  t o  t h e  r i c e  p l a n t .  He 
c a l c u l a t e d  t h e o r e t i c a l  H2S c o n c e n t r a t i o n s  u n d er  I o u i s i a n a  r i c e  f i e l d  
c o n d i t i o n s  and  r e p o r t e d  t h e o r e t i c a l  B u l f ld e  c o n c e n t r a t i o n s  o f  100, 1 6 .7 ,  
1 .7 ,  0 . 1 7 ,  and  0 .0 1 7  ppm a t  pH v a lu e s  o f  5 . 0 ,  5 . 5 ,  6 . 0 ,  6 . 5 ,  and 7 . 0 ,  
r e s p e c t l v e l y .
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S t u r g i s  (1936) r e p o r t e d  a  s u l f i d e  c o n te n t  o f  2 9 .9  ppm when Sharkey 
c l a y  loam a o l l  waa c o n t in u o u s ly  f lo o d e d  f o r  t h r e e  w eeks . C o n n e l l  and 
P a t r i c k  (1969) found a s  much as  40 ppm t o t a l  s u l f i d e  In  a f lo o d e d  
Crowley s i l t  loam paddy s o i l  I n  L o u i s i a n a .
B lo o m fie ld  (1969) r e p o r t e d  t h a t  more f r e e  H2S was g e n e r a te d  u n d e r
a l k a l i n e  c o n d i t i o n s  b u t  h e  added t h a t  i r o n  was more Immobile u n d e r
a l k a l i n e  c o n d i t i o n s  and t h a t  t h e  i r o n  sy s te m  governed  t h e  d i s t r i b u t i o n
o f  s u l f i d e  i n  a re d u c e d  s o i l .  C o n n e l l  and P a t r i c k  (1969) l i k e w i s e  
r e p o r t e d  t h a t  In  L o u is ia n a  s o i l s  a lm o s t  no s u l f i d e  e x i s t e d  a s  HjS I f  
e x c e s s  i r o n  was p r e s e n t .
f .  Changes I n  z in c  s o l u b i l i t y . Zinc shows o n ly  a  s i n g l e  
v a l e n c e .  I t  i s  p ro b a b ly  n o t  in v o lv e d  i n  o x i d a t i o n - r e d u c t i o n  r e a c t i o n  
i n  th e  s o i l .  Ponnamperuma (1972) s t a t e d  t h a t  z in c  m o b i l i t y  may be  
a f f e c t e d  by  some h y d ro u s  o x id e s  o f  Fe^*  and Mn^+ and th e  p r o d u c t io n  o f  
o r g a n ic  com plex ing  a g e n ts  s h o u ld  i n c r e a s e  t h e  s o l u b i l i t y  o f  z i n c .  The 
i n c r e a s e  In  pH o f  a c i d  s o i l s  and th e  fo rm a t io n  o f  s u l f i d e  a s  a r e s u l t  
o f  subm ergence s h o u ld  low er i t s  s o l u b i l i t y .  The w a te r  reg im e o f  a s o i l  
p r o fo u n d ly  a f f e c t s  t h e  z in c  n u t r i t i o n  o f  r i c e  (IR RI, 1970); p ro lo n g e d  
subm ergence re d u c e s  z in c  a v a i l a b i l i t y ,  s o i l  d ry in g  i n c r e a s e s  i t  d r a m a t i ­
c a l l y .  The d e c r e a s e s  i n  t h e  s o l u b i l i t y  o f  z in c  b ro u g h t  on by s o i l  
subm ergence h av e  n o t  b een  s a t i s f a c t o r i l y  e x p la in e d .
IRRI (1970) r e p o r t e d  t h a t  th e  s o l u b i l i t y  o f  z in c  in  f lo o d e d  s o i l s  
a p p e a re d  t o  be governed  by I o n ic  e q u i l i b r i a  in v o lv in g  th e  z in c  p h o s p h a te ,  
z in c  eamonlum p h o s p h a te ,  z in c  s u l f i d e ,  and z in c  s i l i c a t e .  They f u r t h e r  
r e p o r t e d  t h a t  a  h ig h  pH, a  h ig h  c o n te n t  o f  o r g a n i c  m a t t e r ,  and a h ig h  
c o n te n t  o f  a v a i l a b l e  phosphorus  d e p r e s s  t h e  a v a i l a b i l i t y  o f  z in c  i n  
f lo o d e d  s o i l s ,  a s  th e y  do i n  u p lan d  s o i l s .  They a l s o  r e p o r t e d  t h a t  a s
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t h e  a v a i l a b l e  P c o n t e n t  o f  t h e  s o i l  I n c r e a s e d  th e  z in c  c o n t e n t  o f  t h e  
s t r a w  d e c r e a s e d  and  t h a t  t h e  I n t e r a c t i o n  betw een a v a i l a b l e  P and  pH 
I n f lu e n c e d  th e  z in c  c o n t e n t  o f  t h e  s t r a w .  The h ig h  ? :Z n  r a t i o  i n  t h e  
s t r a w  o f  z i n c - d e f i c i e n t  p l a n t s  r e f l e c t s  t h i s  I n t e r a c t i o n .  They p o s tu ­
l a t e d  t h a t  o r g a n ic  m a t t e r  e i t h e r  d e p r e s s e d  t h e  a v a i l a b i l i t y  o f  z in c  o r  
h in d e r e d  I t s  u p ta k e  by th e  r i c e  p l a n t  th ro u g h  i t s  e f f e c t s  on s o i l  
m e ta b o l ism .
L i t t l e  agronom ic r e s e a r c h  h as  been  done  on z in c  r e a c t i o n s  i n  
f lo o d e d  s o i l s ,  S o lu b le  z in c  i s  u s u a l l y  p r e s e n t  In  low c o n c e n t r a t i o n s  
i n  s o i l  s o l u t i o n s .  I t  h a s  b een  d e m o n s t r a te d  by g e o l o g i s t s  t h a t  z in c  
r e a d i l y  forms v e r y  i n s o l u b l e  s u l f i d e  s a l t s  when exposed  to  H2 S 
(K ra u sk o p f ,  1 9 6 7 ) .  Camp (1945) r e p o r t e d  t h a t  th e  c r i t i c a l  pH ra n g e  
f o r  Zn a v a i l a b i l i t y  i n  s o i l s  I s  be tw een  5 .5  and 6 . 5 .  He a l s o  s u g g e s te d  
t h a t  i n  a l k a l i n e  s o i l s  t h e  fo rm a t io n  o f  a  n e g a t i v e l y  c h a rg e d  z l n c a t e  
complex may be a  s i g n i f i c a n t  f a c t o r  t h a t  c o n t r i b u t e s  to  red u ced  Zn 
a v a i l a b i l i t y .  S e a tz  and J u r l n a k  (1957) r e p o r t e d  t h a t  Zn a v a i l a b i l i t y  i s  
a t  a minimixn when t h e  ra n g e  i n  t h e  s o i l  pH i s  be tw een  5 .5  and 7 .5 .
IRRI (1970) r e p o r t e d  z in c  d e f i c i e n c y  was found to  be  a  w id e sp re a d  
n u t r i t i o n a l  d i s o r d e r  o f  r i c e  on s o i l s  w i th  a h ig h  pH o r  a h ig h  w a te r  
t a b l e .  I n c o r p o r a t i o n  o f  o r g a n ic  m a t t e r  d e p re s s e d  th e  c o n c e n t r a t i o n  o f  
z in c  in  th e  s o l u t i o n  o f  f lo o d e d  s o i l s  and z in c  u p ta k e  by r i c e  p l a n t s . 
D rying  th e  s o i l  may be  a s  good a remedy f o r  z in c  d e f i c i e n c y  on perma­
n e n t l y  w et s o i l s  a s  a p p ly in g  z in c  c h l o r i d e ,  z in c  s u l f a t e ,  o r  z in c  o x id e .
The c r i t i c a l  c o n t e n t  o f  Zn i n  r i c e  p l a n t s  o f  10 ppm i n  t h e  s h o o t  
a t  t i l l e r i n g  f o r  d e f i c i e n c y  and 1500 ppm i n  th e  s t r a w  a t  m a t u r i t y  f o r  
t o x i c i t y  h as  been  r e p o r t e d  by I a h lz u k a  (1 9 7 1 ) .
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B. E f f e c t  o f  F lo o d in g  on Growth and  N u t r i e n t  U ptake by  R ice
1. Growth and N u t r i e n t  Uptake bv R ice  Under F looded  and 
N onflooded  S o i l  C o n d i t io n s  
R ice  grown u n d er  re d u c e d  o r  w a te r lo g g e d  s o i l  c o n d i t i o n  c o n s i s t e n t l y  
p ro d u ces  b e t t e r  v e g e t a t i v e  grow th  and  h i g h e r  g r a i n  y i e l d s  th a n  when 
grown u n d e r  o x i d i z e d  s o i l  c o n d i t i o n  (L in ,  1946; C l a r k ,  N e a rp a s s ,  and 
S p r e c h t ,  1957; S e n e w ira tn e  and M ik k e ls e n ,  1961; Chaudhry and McLean,
1 9 6 3 ) .  Lin (1946) a t t r i b u t e d  su ch  red u ced  grow th  o f  r i c e  grown under  
o x id i z e d  s o l i  c o n d i t i o n  t o  low a v a i l a b i l i t y  o f  i r o n .
C l a r k ,  N e a rp a s s ,  and S p re c h t  (1957) c o n c lu d e d  t h a t  th e  b e t t e r  
g row th  o f  r i c e  i n  subm erged a s  com pared t o  u p lan d  c u l t u r e  i n  a t  l e a s t  
some s o i l s  was due t o  g r e a t e r  m anganese a v a i l a b i l i t y  under  subm erged 
s o i l  c o n d i t i o n .  T h e ir  p l a n t  a n a ly s e s  i n d i c a t e d  t h a t  r i c e  h as  a h ig h  
r e q u i re m e n t  f o r  an  e x c e p t i o n a l l y  h ig h  t o l e r a n c e  to  m anganese .
S e n e w ira tn e  and M ik k e lsen  (1961) r e p o r t e d  t h e  c o n t r a r y .  On a 
S to c k to n  c la y  from C a l i f o r n i a  o f  pH 4 . 7 ,  p o o re r  grow th  o f  r i c e  u n d e r  
u p la n d  th a n  f lo o d e d  c o n d i t i o n s  was a s s o c i a t e d  w i th  a  h ig h  c o n t e n t  o f  
m anganese i n  t h e  p l a n t s .  They s u g g e s te d  t h a t  d i f f e r e n c e s  I n  g row th  o f  
r i c e  u n d e r  f lo o d e d  and u n f lo o d e d  c o n d i t i o n s  r e p r e s e n t e d  d i f f e r e n c e s  In  
a u x in  m e ta b o l ism .
V a lo ras  and L e te y  (1966) r e p o r t e d  t h a t  s o l l - w a t e r  c o n t e n t  h ad  a  
m arked i n f l u e n c e  on r i c e  g ro w th ,  th e y  co n c lu d ed  t h a t  th e  b e t t e r  grow th 
o f  r i c e  c u l t u r e d  u n d e r  f lo o d e d  c o n d i t i o n s  as  compared t o  u n f lo o d e d  
c o n d i t i o n s  was due t o  d i f f e r e n c e s  i n  s o l l - w a t e r  c o n t e n t .
Mandel (1962) o b s e rv e d  b e t t e r  g row th  o f  r i c e  p l a n t s  when grown In  
s o i l s  k e p t  u n d er  an a tm o sp h e re  c o n t a i n i n g  o n ly  10 p e r c e n t  oxygen th a n
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when grown In  s o i l s  exposed to  n a t u r a l  a i r .  The b e t t e r  growth was due 
to  g r e a t e r  a v a i l a b i l i t y  o f  manganese In  s o i l s .
W eerara tna  (1969) showed t h a t  r i c e  grown In  lowland s o i l  ab so rb ed  
more manganese and produced h ig h e r  d ry  m a t t e r  u n d e r  f lo o d e d  th a n  under 
n onflooded  c o n d i t i o n s , w hereas in  up land  s o i l  th e  same w ere lower under 
f lo o d e d  th a n  under n o n flo o d ed  c o n d i t i o n s . H igher  s o lu b le  I ro n  c o n te n t  
In  up land  s o i l  was found to  I n t e r f e r e  w ith  th e  a b s o r p t io n  o f  m anganese. 
Experim ents  co n d u c ted  in  t h e  f h l l i p p l n e s  (IRRI, 1964) showed t h a t  
e x c e l l e n t  v e g e t a t i v e  growth o f  r i c e  c o u ld  be o b ta in e d  In  a e r o b ic  s o i l s  
by s u p p ly in g  e x t r a  P and Fa.
P a t r i c k  and M ahapatra (1966) r e p o r t e d  t h a t  s o i l  r e d u c t io n  p e r  s e  
d id  n o t a p p e a r  to  be d e t r im e n t a l  to  r i c e  e x c e p t  p o s s ib ly  a t  e x tre m e ly  
low redox  p o t e n t i a l s ,  p o t e n t i a l s  low enough f o r  s u l f i d e  t o  be form ed. 
Fonnamperimia (1965) su g g e s te d  t h a t  th e  o u t s t a n d in g  b e n e f i c i a l  e f f e c t  o f  
s o i l  submergence I s  th e  i n c r e a s e  In  t h e  a v a i l a b i l i t y  o f  I ro n  b ecau se  th e  
i r o n  re q u ire m e n t  o f  r i c e  i s  much h ig h e r  th a n  t h a t  o f  most c ro p  p l a n t s .  
J e f f e r y  (1963) l ik e w is e  r e p o r t e d  t h a t  th e  i n c r e a s e  In  s o lu b l e  I ro n  a f t e r  
w a te r lo g g in g  I s  b e n e f i c i a l  to  th e  r i c e  p l a n t .
Chaudhry and McLean (1963) r e p o r t e d  t h a t  r i c e  p la n t s  grown under  
f lo o d e d  c o n d i t io n s  w ere h e a l t h e i r ,  t a l l e r ,  and had  more t i l l e r s  th a n  
p l a n t s  grown under n onflooded  c o n d i t i o n s .  They a l s o  r e p o r te d  t h a t  
p l a n t s  grown under  f lo o d e d  c o n d i t io n s  had s i g n i f i c a n t l y  h ig h e r  concen­
t r a t i o n s  o f  phosphorus and manganese in  th e  t i s s u e .
Sanchez and B riones  (1973) r e p o r te d  t h a t  in  s o i l s  o f  h ig h  
phosphorus a v a i l a b i l i t y  no d i f f e r e n c e s  In  growth and phosphorus u p ta k e  
were o b se rv ed  when r i c e  was grown under c o n s ta n t  f lo o d in g  ( reduced )  o r  
p a r t i a l l y  o x id i s e d  c o n d i t i o n s .  They f u r t h e r  r e p o r te d  t h a t  i n  s o i l s  o f
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m o d e ra te  to  low phosphorus  a v a i l a b i l i t y ,  p a r t i a l l y  o x id iz e d  c o n d i t i o n s  
p roduced  low er y i e l d s  and c au sed  low er phosphorus  u p ta k e  i n  co m p ariso n  
to  c o n s t a n t  f lo o d in g .
S h a p iro  (1958a) r e p o r t e d  t h a t  f lo o d in g  i n c r e a s e d  t h e  y i e l d ,  
phosphorus  u p ta k e ,  and n i t r o g e n  u p ta k e  by r i c e  w i th  b o th  a  low land  
and an u p la n d  v a r i e t y  o f  j a p o n ic a  r i c e  a s  compared to  t h e  same v a r i e ­
t i e s  grown u n d er  n o n f lo o d e d  c o n d i t i o n s .
In  re d u c e d  s o i l s ,  m l c r o n u t r l e n t s  a r e  more e a s i l y  removed th a n  in  
o x id iz e d  s o i l s .  Swalne and M i t c h e l l  (1960) n o te d  t h a t  m o b i l i t y  o f  F e , 
Mn, and Zn i n c r e a s e d  in  p o o r ly - d r a in e d  s o i l s .  Ih e y  r e p o r t e d  i n  g e n e r a l  
t h a t  Improved s o i l  d r a in a g e  i n c r e a s e d  t h e  u p ta k e  o f  Zn b u t  d e c re a s e d  
t h e  u p ta k e  o f  Fe and Mn.
I t  a p p e a r s  t h a t  t h e r e  i s  no s i n g l e  f a c t o r  w hich i s  r e s p o n s i b l e  
f o r  t h e  I n c re a s e d  v e g e t a t i v e  grow th  and g r a i n  y i e l d s  o f  r i c e  grown 
u n d er  f lo o d e d  c o n d i t i o n s  a s  compared t o  r i c e  w hich l a  grown u n d e r  non- 
f lo o d e d  c o n d i t i o n s .
2 .  O x id iz in g  Rawer o f  R ice  Roots and I t s  E f f e c t  on Some 
Reduced S u b s ta n c e s  i n  a F looded S o i l
a .  P la n t  a d a p t a t i o n . Hie a b i l i t y  o f  t h e  r i c e  p l a n t  t o  grow 
u n d er  r e d u c in g  c o n d i t i o n s  h as  been a t t r i b u t e d  to  t h e  u n iq u e  a d a p t a t i o n s  
o f  th e  p l a n t .  Van R a a l t e  (1941) r e p o r t e d  t h a t  th e  r i c e  p l a n t  waa a b l e  
to  f u n c t io n  i n  an  a n a e r o b ic  medlian b e c a u s e  o f  th e  developm ent o f  
ly a lg e n o u s  gas sp a c e s  i n  t h e  r o o t  which w ere l in k e d  w i th  th e  a i r  sp a c e s  
o f  th e  s h o o t  s y s te m . Through t h e s e  c h a n n e ls  oxygen moved i n t o  th e  r o o t s  
and d i f f u s e d  o u t  i n t o  th e  s o i l  th e r e b y  o x i d i z i n g  th e  r h iz o s p h e r e  
(Van R a a l t e ,  1944; M i t s u i ,  1954).
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S e v e r a l  w o rk ers  (A lb e rd a ,  1953; Aomine, 1962; A rm strong , 1967) 
h ave  d e m o n s tr a te d  th e  r i c e  p l a n t  a b i l i t y  to  ward o f f  some o f  th e  t o x i c  
p ro d u c ts  o f  s o i l  r e d u c t i o n  by th e  s e c r e t i o n  o f  oxygen by th e  r o o t  h a i r s  
i n t o  t h e  a d j a c e n t  s o i l .
The o x i d i z i n g  power o f  th e  r i c e  r o o t  can  be v e r y  Im p o r ta n t  I n  
o x i d i z i n g  t o x i c  HjS to  a  n o n to x ic  form o r  t o  r e n d e r  h ig h  c o n c e n t r a t i o n s  
o f  s o l u b l e  re d u c e d  i r o n  and m anganese t o  i n s o l u b l e  f e r r i c  and m anganic 
o x id e s ,  th u s  p o s s i b l y  r e d u c in g  t o x i c  c o n c e n t r a t i o n s  o f  th e  m e t a l l i c  I o n s .
b .  F e r r o u s - i r o n  and m anganous-m anganese . Tanaka and Yoshlda 
(1970) i n d i c a t e d  t h a t  r i c e  r o o t s  c o u n te r a c t e d  a h i g h e r  l e v e l  o f  f e r r o u s  
i r o n  i n  t h e  s o i l  s o l u t i o n  by t h e i r  o x i d i z i n g  pow er. F e r ro u s  i r o n  i s  
o x id iz e d  a t  t h e  r o o t  s u r f a c e  to  f e r r i c  I r o n  and p r e c i p i t a t e d  as  f e r r i c  
h y d ro x id e  o r  c a r b o n a t e ,  r e s u l t i n g  i n  a d e c re a se d  i n t a k e  o f  i r o n  by th e  
p l a n t .  S u l f id e s  d e s t r o y  th e  o x i d i z i n g  power o f  r o o t s  and make r i c e  
p l a n t s  more s u s c e p t i b l e  to  i r o n  t o x i c i t y  (T anaka , M u lle r iy a w a ,  and 
Yasu, 1968).
J a p a n e s e  s o i l s  h ig h  In  i r o n  o x id e s  a r e  r e p o r t e d  to  p roduce  v e ry  
l i t t l e  f r e e  H2S and t h e  s o l u b l e  s u l f i d e  c o n te n t  I s  c o n s id e re d  i n s i g n i ­
f i c a n t  ( T a k l j lm a ,  S h lo j im a ,  and Konno, 1962).  H a r t e r  and McLean (1965) 
found t h a t  any f r e e  H2S produced  i n  a f lo o d e d  s o i l  was p r e c i p i t a t e d  as 
f e r r o u a  s u l f i d e  and d e m o n s tra te d  th e  f a c t  a d e c r e a s e  In  th e  amount o f  
f e r r o u s  i r o n  o c c u r r e d  c o n c u r r e n t l y  w i th  an i n c r e a s e  i n  th e  s u l f i d e  
c o n t e n t .
O ta and Yamada (1960) r e p o r t e d  t h a t  a d d i t i o n  o f  i r o n  t o  s t r o n g l y  
red u ced  s o i l s  c au sed  a lm o s t  a l l  p l a n t s  to  d i e  from s e v e r e  f e r r o u s  i r o n  
t o x i c i t y .  Bonnamperuma, B r a d f i e I d ,  and Peech (1955) s u g g e s te d  t h a t  t h e
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u n t h r i f t y  grow th  o f  r i c e  I n  p o o r ly  a e r a t e d  s o i l s  was due l a r g e l y  to  t h e  
a c c is n u la t lo n  o f  f e r r o u s  I r o n  In  t h e  s o l i  s o l u t i o n .
Okuda and T akahaah l (1964) I n d i c a t e  t h a t  f e r r o u s  i r o n  and 
manganous manganese a r e  r e a d i l y  o x id iz e d  by r i c e  r o o t s  and become 
I n s o l u b l e  and d e p o s i t e d  on th e  r o o t  s u r f a c e .  As th e  o x i d a t i v e  power o f  
th e  r i c e  r o o t s  I n c r e a s e s  more f e r r o u s  I r o n  and manganous m anganese In  
s o l u t i o n  a r e  d e p o s i t e d  on r o o t  s u r f a c e s  as  f e r r i c  and m anganic o x id e s .  
Doi (1952) showed low er I ro n  u p ta k e  power o f  th e  r i c e  p l a n t  due to  
s t r o n g  o x i d a t i v e  power, w hich h as  been  c o n s id e r e d  as  t h e  Im p o r ta n t  
a d a p t i v e  p h y s io l o g i c a l  f u n c t io n  o f  r i c e  p l a n t s ,  t h a t  th e y  can  be  grown 
under w a te r lo g g e d  c o n d i t i o n s .  Some p h y s i o l o g i c a l  d i s e a s e s  such  as 
A kagare a r e  c au sed  by h ig h  i r o n  l e v e l s ,  h y d ro g en  s u l f i d e ,  o r g a n ic  a c i d ,  
e t c . ,  u n d er  red u ced  c o n d i t i o n s  (Tanaka and Y o sh ld a ,  1970).
A rm strong and Boatman (1967) showed t h a t  s o l u b l e  I r o n  s a l t s  behave 
as  s in k s  f o r  oxygen t r a n s p o r t e d  th ro u g h  th e  s tem  t o  t h e  r o o t  by r i c e  
and  o t h e r  bog p l a n t s .  S tro n g  s u p p o r t  f o r  t h i s  h y p o th e s i s  i s  p ro v id e d  
by a  t h i c k  s h e a th  o f  h y d r a te d  f e r r i c  o x id e  a ro u n d  r o o t s  o f  bog and 
swamp p l a n t s .  This o x id i z e d  i r o n  a l s o  forms a  b a r r i e r  t o  e n t r y  o f  
s u l f i d e  i n t o  t h e  r o o t s  owing to  th e  p r e c i p i t a t i o n  o f  t h i s  Io n  as  h i g h ly  
i n s o l u b l e  f e r r o u s  s u l f i d e .  They a l s o  i n d i c a t e  t h a t  u n d er  i n t e n s e  
r e d u c in g  c o n d i t i o n s  i r o n  e n t e r s  t h e  r o o t  to  an  a p p r e c i a b l e  d e g r e e ,  b u t  
a g a in  p r e c i p i t a t i o n  o c c u rs  and forms a  c o a t i n g  on th e  c e l l  w a l l s  b o r d e r ­
i n g  th e  I n t e r c e l l u l a r  s p a c e s  a s  w e l l  a s  som etim es c o m p le te ly  o c c lu d in g  
t h e s e  s p a c e s .  I t  I s  c o n c e iv a b le  t h a t  e x t e n s iv e  I n t e r n a l  p r e c i p i t a t i o n  
o f  i r o n  may e v e n t u a l l y  i n h i b i t  gas exchange  w i t h i n  th e  r o o t .
Rice plants suffered from severe iron deficiency in flooded 
alkaline soil. This may be due to much iron which is oxidized and
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p r e c i p i t a t e d  on o r  a round  th e  r o o t s  a t  pH v a lu e s  o f  more th a n  7 .0  
( I n g e b r e t s o n ,  M a r t in ,  V lam is, and J e t e r ,  1 9 5 9 ) .
r .  S u l f i d e - s u l f u r . In  a s tu d y  by Vamos (1 9 5 8 ) ,  I t  waa shown 
t h a t  H2S a t  pH 7 a f f e c t e d  and c o u ld  d e s t r o y  th e  r o o t s  o f  t h e  r i c e  p l a n t  
w h i le  a t  pH 8 th e  p l a n t  r o o t s  a b so rb e d  th e  SH" Io n  which r e s u l t e d  I n  a 
b row ning  o f  th e  t i s s u e .  He a l s o  r e p o r t e d  H2S to  be t h e  c a u s a t i v e  f a c t o r  
o f  th e  d i s e a s e  "b ru z o n e  o r  a k i o c h l , "  a  s i g n i f i c a n t  d i s e a s e  o f  th e  r i c e  
p l a n t  In  Hungary and Ja p a n .
M it s u i  and Kumazawa (1964) In  t h e i r  s t u d i e s  o f  n u t r i e n t  u p ta k e  
by t h e  r i c e  p l a n t ,  have  p o s t u l a t e d  t h a t  th e  red u ced  u p ta k e  o f  c e r t a i n  
n u t r i e n t s  was a s s o c i a t e d  w i th  t h e  en zy m atic  r e a c t i o n s  a f f e c t e d  by H2 S 
t o x i c i t y .  S e v e ra l  a u th o r s  (Pannamperiana, 1955; Honnamperisoa, 1965;
F o rd ,  1965; H a r t e r  and McLean, 1965; C o n n e l l  and P a t r i c k ,  1968; 
B lo o m f ie ld ,  1969) h ave  p o s t u l a t e d  t h a t  t h e  i r o n  s u l f i d e  fo rm a t io n  was 
im p o r ta n t  i n  r e g u l a t i n g  t h e  amounts o f  t o x i c  H2S In  t h e  s o i l  s o l u t i o n .
H o l l i s  (1 9 6 7 ) ,  i n  a co m p reh en siv e  r e v ie w  o f  th e  J a p a n e se  l i t e r a t u r e  
c o n c e rn in g  s u l f i d e  t o x i c i t y  o f  th e  r i c e  p l a n t ,  r e p o r t e d  t h a t  M i t s u i  and 
h i s  c o -w o rk e rs  exposed  r i c e  r o o t s  to  a s o l u t i o n  c o n t a i n i n g  0 .0 7  ppm 
H^S and c a u se d  w i l t i n g  o f  42 p e r c e n t  o f  t h e  le a v e s  a t  th e  end o f  200 
h o u r s .  They a l s o  d e m o n s tra te d  t h a t  th e  same amount o f  w i l t i n g  was 
e v id e n t  a t  th e  end o f  48 h o u rs  when th e  H2 S c o n c e n t r a t i o n  was 2 ppm.
C o n d i t io n s  o f  h ig h  o r g a n ic  m a t t e r ,  h ig h  c o n c e n t r a t i o n s  o f  s u l f a t e ,  
low c o n c e n t r a t i o n s  o f  i r o n ,  and i n t e n s e  r e d u c t i o n  f a v o r  th e  p r o d u c t io n  
o f  s u l f i d e  upon w a te r lo g g in g  a s o i l  (Tanaka, N ojim a, and Uemura, 1961).  
M i t s u i  (1965) c o n s id e r e d  i t  u n l i k e l y  t h a t  to x ic  l e v e l s  o f  hydrogen  
s u l f i d e  would a c c im u la te  i n  m ost s o i l s  due to  fo rm a t io n  o f  t h e  r e l a ­
t i v e l y  i n s o l u b l e  f e r r o u s  s u l f i d e .
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G oto  and  T a l (1956) o b s a rv a d  an  a s s o c i a t i o n  betw een  r e s i s t a n c e  to  
A k lo c h l  d l s a a a e  (a p h y s i o l o g i c a l  d i s e a s e  a s s o c i a t e d  w i th  h y d ro g en  
s u l £ l d e  t o x i c i t y )  and th e  o x i d i z i n g  c a p a c i t y  o f  t h a  r o o ta  o f  s e v e r a l  
J a p a n e se  r i c e  v a r i e t i e s .
A rm strong  (1969) d e te rm in e d  I n t e r v a r i e t a l  d i f f e r e n c e s  I n  oxygen 
f l u x  from  r i c e  r o o t s  and r e p o r t e d  an  a s s o c i a t i o n  be tw een  s u s c e p t i b i l i t y  
t o  A kagare (a  p h y s i o l o g i c a l  d i s e a s e  a s s o c i a t e d  w i th  h i g h l y  red u ced  s o i l  
c o n d i t i o n s )  an d  oxygen f l u x  from t h e  r o o t s .  H ie v a r i e t i e s  w i th  th e  
g r e a t e s t  oxygen f l u x  w ere  known to  have  th e  g r e a t e s t  r e s i s t a n c e  to  
A k ag are .
H o l l i s  (1967) s p e c u l a t e d  t h a t  th a  b e a t  y i e l d i n g  r i c e  v a r i e t i e s  
may p o s s e s s  h i g h e r  r o o t  o x i d a t i v e  c a p a c i t y  th an  low er y i e l d i n g  v a r i e ­
t i e s .  He s u g g e s te d  t h a t  r o o t  o x i d a t i v e  c a p a c i t y  may be a good c r i t e r i o n  
f o r  t h e  s e l e c t i o n  and b r e e d in g  o f  h ig h  y i e l d i n g  r i c e  v a r i e t i e s  which a r e  
r e s i s t a n t  t o  p h y s i o l o g i c a l  d i s e a s e s .  A rm strong (1964) was o f  t h e  
o p in io n  t h a t  t h e  t o l e r a n c e  o f  some a q u a t i c  p l a n t s  t o  t o x i c  H2S was 
due t o  t h e  r a p i d  d i f f u s i o n  o f  oxygen from t h e  r o o t s  and s u b s e q u e n t  
o x i d a t i o n  o f  s u l f i d e .
Boneamparums (1965) I n d i c a t e s  t h a t  r i c e  r o o ta  can  o x i d i z e  FeS i n  
t h e i r  lsm w d la te  v i c i n i t y  to  FeSO^ and  a b s o rb  t h e  s u l f a t e  i o n s .  E n g le r  
an d  f f c t r l c k  (1975) worked on th e  o x i d a t i v e  c a p a c i t y  o f  r i c e  r o o t s  f o r  
s u l f i d e s .  The ta g g e d  m e ta l  s u l f i d e s  w ere  m ixed w i th  a n a e r o b ic  s o i l  
t o  w hich r i c e  was t r a n s p l a n t e d .  Hie a p p a r e n t  d e g re e  o f  s t a b i l i t y  and
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s u b s e q u e n t  u p ta k e  o f  S waa d i r e c t l y  r e l a t e d  to  th e  s o l u b i l i t y  o f  t h e  
s u l f i d e  s a l t .  T h e ir  d a t a  s u g g e s te d  t h a t  t h e  r i c e  r o o t s  o x id i z e d  s u l f i d e  
t o  s u l f a t e  and  a b so rb e d  t h e  s u l f a t e s .
Takai and Okajlma (1956a, 1956b) obse rv ed  t h a t  th e  o x id a t io n  o f  
hydrogen s u l f i d e  by r i c e  r o o ts  in  th e  p re se n c e  o f  I ro n  was most a c t i v e  
when th e  pH was around  7 .0  and t h a t  t h e  I n t r u s i o n  o f  s u l f i d e  s u l f u r  to  
th e  b ase  o f  th e  sh o o t  was c l e a r l y  o b se rv ed  a t  pH l e s s  th a n  6 . 0 ,  w h i le  
i t  c o u ld  n o t  be d e te c t e d  a t  pH o v e r  6 .0 .  S i m i l a r l y ,  Baba, In a d a ,  and 
Tajima (1965) showed t h a t  th e  o x i d i z i n g  a c t i v i t y  o f  r o o t s  i s  im p a ire d  
and th e  i n t r u s i o n  o f  f e r ro u s  i r o n  i n t o  th e  r o o t s  i s  f a c i l i t a t e d .  The 
I n f l u x  o f  H2S i s  fa v o re d  by a s o i l  pH l e s s  th a n  6 .5  becau se  a low pH 
r e t a r d s  th e  o x id a t io n  o f  H2S a t  the  r o o t s  and in c r e a s e s  th e  p e r m e a b i l i ty  
o f  th e  r o o ts  to  H2S and thus  c r e a t e s  t o x i c i t y  to  th e  r i c e  p l a n t s .  When 
r i c e  p l a n t s  a r e  h e a l t h y ,  th e  o x i d i z i n g  power o f  t h e  r o o t  i s  s t r o n g ,  bu t 
when n i t r o g e n  i s  l i m i t i n g ,  th e  o x id i z in g  power o f  r o o ts  becomes weak 
and th e  p l a n t  becomes s u s c e p t i b l e  to  s u l f i d e s  (Okajlma, 1958).
A rmstrong (1964) m easured th e  oxygen d i f f u s i n g  from th e  r o o ts  o f
O  n
th e  r i c e  p l a n t  to  be 1.2  g x 10 O2 pe r  cm* r o o t  s u r f a c e  p e r  m in u te .
He su g g e s te d  t h a t  th e  t o l e r a n c e  o f  some a q u a t i c  p la n t s  to  t o x i c  H2S 
was due to  th e  r a p id  d i f f u s i o n  o f  oxygen from th e  ro o ta  and su b seq u en t 
o x id a t io n  o f  th e  s u l f i d e .
MATERIALS AND METHODS
For th e  s tu d y  o f  th e  e f f e c t s  o f  s o l i  o x i d a t l o n - r e d u c t l o n  ( re d o x )  
c o n d i t i o n s  and pH on th e  g row th  and n u t r i e n t  u p ta k e  by r i c e ,  s o i l  was 
p la c e d  i n  w a te r  in  a 2 - l i t e r  p y rex  d e s i c c a t o r  b a s e .  S o i l  o x i d a t l o n -  
r e d u c t i o n  c o n d i t i o n s  were o b ta in e d  by c o n t in u o u s ly  b u b b l in g  e i t h e r  a i r  
o r  N2 g a s  th ro u g h  t h e  s o l l - w a t e r  m ix tu re  w hich was k e p t  in  s u s p e n s io n  
by th e  a c t i o n  o f  a m ag n e tic  s t i r r e r .  The a e r o b ic  ( o x id iz e d )  and 
a n a e r o b ic  ( re d u c e d )  s o i l s  were m a in ta in e d  a t  d i f f e r e n t  pH l e v e l s  d u r in g  
t h e  g row th  o f  th e  r i c e  p l a n t s .
The p l a n t s  w ere grown in  th e  l a b o r a t o r y  a t  28 t o  30°C u nder  
c o n d i t i o n s  o f  c o n t in u o u s  i l l u m i n a t i o n  from 150 w a t t  in c a n d e s c e n t  lamps 
w hich  were p la c e d  a p p ro x im a te ly  80 cm above each  t r e a t m e n t .  The v e g e t a ­
t i v e  g row th  o f  p l a n t s  r e s u l t i n g  from th e  v a r i o u s  t r e a tm e n t s  was d e t e r ­
m ined, and t h e  p l a n t  t i s s u e  was a n a ly z e d  f o r  c o n c e n t r a t i o n s  o f  n o n la b e l l e d  
and l a b e l l e d  i r o n ,  m anganese, z i n c ,  and p h o s p h o ru s .  In th e  ex p e r im e n t 
in v o lv in g  an t r a c e r ,  th e  p l a n t  t i s s u e  and s o i l  o rg a n ic  and in o r g a n ic  
n i t r o g e n  f r a c t i o n s  were a n a ly z e d  f o r  ^ N / ^ N  i s o to p e  r a t i o .  Redox 
p o t e n t i a l ,  am ounts o f  a c id  and a l k a l i  u sed  t o  m a in ta in  pH, e l e c t r i c a l  
c o n d u c t i v i t y ,  and t o t a l  s u l f i d e - S  o f  s o i l  s u sp e n s io n s  were a l s o  
d e te rm in e d .
A. S o i l  Used
l#ioon s i l t y  c l a y  loam , a M i s s i s s i p p i  f l o o d p l a l n  s o i l ,  c o l l e c t e d  
from  LSU Ben Hur Farm, Baton Rouge, was used i n  t h i s  s tu d y .  The s o i l  
was a i r - d r i e d ,  ground  and p a s se d  th ro u g h  a 20-mesh s i e v e .  The s o i l  was 
k e p t  in  a c lo s e d  g l a s s  c o n t a i n e r  and th o ro u g h ly  mixed b e fo re  u s e .  The
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s o l i  c o n s i s t e d  o f  19% s a n d ,  46% s i l t ,  and 35% c l a y ,  pH ( 1 :1 )  5 . 2 ,  t o t a l  
ca rb o n  1.19%,NhJ-W 80 jug /g , NO3-N 60 jug /g , CEC 2 1 .0  nwq/100 g .  T o ta l  
P ,  7 a ,  Mn, and Zn w ars  540 , 2190, 350, and 4 0 ju g /g ,  r e s p e c t i v e l y .  
E x t r a c t a b l e  P ( 0 .1  g  HCl + 0 .0 3  N NH4 F 1 : 2 0 ) ,  e x t r a c t a b l e  K, Ca, and 
Mg (N NH^Ac pH 7 1 :1 0 ) ,  w ere 96 , 208, 2570, 644 ju g /g ,  r e s p e c t i v e l y .
T hese  l a t t e r  a n a ly s e s  were c o n d u c te d  by th e  LSU S o i l  T e s t i n g  L a b o ra to ry  
a c c o rd in g  t o  t h e  p ro c e d u re  o f  B ru p b ach e r ,  B onner, and S e d b e r ry  (1 9 6 8 ) .  
E x t r a c t a b l e  Fe, Mi, and Zn (DTPA-TEA pH 7 . 3 ) ,  by  th e  method o f  L in d sa y  
and N orvel (1968) w ere 106 , 4 0 ,  and 1 .5 6 ju g /g ,  r e s p e c t i v e l y .
B. E x p e r im e n ta l  P ro c e d u re
1. S o l i  I n c u b a t io n  P ro c e d u re
D u p l i c a te  2 - l i t e r  round  (160 mn ID x 160 ran h ig h )  p y re x  g l a s s  
d e s i c c a t o r  b a s a s  f o r  e a c h  t r e a t m e n t  were s e t  up a s  shown i n  F ig u re  1. 
F iv e -h u n d re d  grams o f  s o i l  w ere w eighed I n t o  e a c h  o f  t h e  c o n t a i n e r s  
and submerged w i th  1500 ml d i s t i l l e d  w a te r  t o  g iv e  a  s o i l  t o  w a te r  
r a t i o  o f  1 :3 .  The s o i l  was k e p t  I n  s u s p e n s io n  b y  th e  a c t i o n  o f  a 
m ag n e tic  s t i r r e r .  A rround p l e x i g l a s s  p l a t e  c o n t a i n i n g  h o le s  o f  d i f f e r ­
e n t  s i t e s  a round  th e  p l a t e  f o r  t h e  p u rp o se  o f  c o n t r o l l i n g  pH and
m easu rin g  r e d o x  p o t e n t i a l  (Eh) o f  t h e  s o i l  s u s p e n s io n  b u t  w i th o u t
o p e n in g s  f o r  p l a n t s  (F ig u r e  2 b )  was p la c e d  on to p  o f  t h e  d e s i c c a t o r  
b a s e  and s e a l e d  w i th  b l a c k  p l a s t i c  r u b b e r .  The p l a t e  and th e  d e s i c c a t o r  
b a s a  e x t e r i o r s  w ere  p a i n t e d  w i th  aluminum s p ra y  t o  p r o t e c t  t h e  s o i l  
s u s p e n s io n  from  l i g h t .  Two p la t in u m  e l e c t r o d e s  w ere  p e rm a n e n t ly  i n s e r t e d  
th ro u g h  a  r u b b e r  s to p p e r  on to p  o f  t h e  p l a t e  t o  m easure Eh. A ero b ic  o r  
a n a e ro b ic  s o i l  c o n d i t i o n s  w ere o b ta in e d  by s lo w ly  b u b b l in g  e i t h e r  a i r
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pH e lec tro d e
F ig u re  2. Diagram o f  g row th  s e t  up a f t e r  t r a n s p l a n t i n g  r i c e  ( a )  and 
a p l e x i g l a s s  p l a t e  (b )  d e s ig n e d  f o r  u se  in  s u p p o r t in g  r i c e  
s e e d l in g s  i n  c o n t r o l l e d  sy s tem .
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s u sp e n s io n  was n o rm a lly  in c u b a te d  f o r  a  p e r io d  o f  10 days  t o  o b t a i n  
a e r o b ic  and a n a e r o b ic  c o n d i t i o n s .
2, Measurement o f  S o l i  O x Id a t io n -R e d u c tIo n  P o t e n t i a l  
O x id a t io n - r e d u c t lo n  p o t e n t i a l  ( re d o x  p o t e n t i a l  o r  Eh) m easu re ­
ments were made by means o f  b r i g h t  p la t in u m  e l e c t r o d e s  w hich were 
p e rm a n e n t ly  i n s e r t e d  th ro u g h  h o le s  in  th e  to p  o f  t h e  p l e x i g l a s s  p l a t e  
e x te n d in g  abou t an in c h  i n t o  th e  s o i l  s u s p e n s io n .  P r i o r  t o  coranenclng 
th e  e x p e r im e n t , th e  p la t in u m  e l e c t r o d e s  w ere c le a n e d  e l e c t r o l y t i c a l l y  
i n  norm al HCl. T h is  was done by c o n n e c t in g  th e  p o s i t i v e  p o le  o f  a 12- 
v o l t  w e t - c e l l  b a t t e r y  t o  a  c a rb o n  e l e c t r o d e  and c o n n e c t in g  th e  n e g a t iv e  
p o le  o f  th e  b a t t e r y  t o  th e  p la t in u m  e l e c t r o d e  and a l lo w in g  hydrogen  t o  
b u b b le  from th e  p la t in u m  e l e c t r o d e  f o r  t h r e e  m in u te s  (Redman and 
P a t r i c k ,  1965). The a c c u ra c y  o f  th e  p la t in u m  e l e c t r o d e s  was checked
in  pH b u f f e r e d  q u in h y d ro n e  s o l u t i o n s .  To m easure red o x  p o t e n t i a l  o f  
th e  s o i l  s u s p e n s io n ,  th e  p la t in u m  e l e c t r o d e s  were c o n n e c te d  to  a 
Beckman Z e ro m a tic  pH m e te r ,  u s in g  a s a t u r a t e d  ca lo m el h a l f  c e l l  a s  
r e f e r e n c e  e l e c t r o d e  ( P a t r i c k  and W y a tt ,  1964).  A com ple te  c e l l  was 
formed by  I n s e r t i n g  a  s a l t  b r id g e  ( g l a s s  tu b e  c o n ta in in g  g e l  o f  s a t u r a t e d  
KCl and 2% a g a r )  th ro u g h  a serum  cap on to p  o f  th e  p l a t e .  Redox p o te n ­
t i a l  m easurem ents  w ere made d a i l y .
3. Control of Soil Reaction (pH)
Ten days a f t e r  th e  b e g in n in g  o f  s o i l  i n c u b a t io n ,  b u t  p r i o r  to  
t r a n s p l a n t i n g  r i c e  p l a n t  s e e d l i n g s ,  th e  pH o f  e a c h  a e r o b ic  and a n a e ro b ic  
s o i l  s u s p e n s io n  was a d ju s t e d  t o  d i f f e r e n t  l e v e l s  by  a d d in g  known q u a n t i ­
t i e s  o f  e i t h e r  2 N HCl o r  2 N NaOH w ith  a hypoderm ic s y r in g e  th ro u g h  th e  
serum c a p .  The pH o f  th e  s o i l  s u sp e n s io n  was a d ju s t e d  e v e r y  day  and
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r e d o x  p o t e n t i a l  was r e c o rd e d  each  t im e  th e  s o i l  pH was a d j u s t e d  u n t i l  
th e  end o f  t h e  e x p e r im e n t .
4 .  G e rm in a tio n  o f  R ice  Seeds
F u n g ic id e  t r e a t e d  r i c e  s e e d s  ( v a r .  S a tu rn )  were soaked in  a  p e t r i -  
d i s h  c o n t a i n i n g  f i l t e r  p a p e r  m o is te n e d  w i th  w a te r .  The s e e d s  w ere  k e p t  
i n  th e  p e t r i - d i s h  a t  room te m p e ra tu re  u n t i l  g e r m in a t io n ,  w hich  to o k  
p la c e  w i t h i n  48 h o u r s .  The s p ro u te d  s e e d s  were t r a n s f e r r e d  t o  sh a l lo w  
c o n t a i n e r s  f i l l e d  w i th  4-cm deep 50 mesh s e a  sand w hich was k e p t  
s a t u r a t e d  w i th  w a te r .  The s p ro u te d  s e e d s  were p r e s s e d  i n t o  th e  
s a t u r a t e d  sand w i th  t h e i r  r a d i c l e  down i n  such  a  way t h a t  t h e  p lum ule 
was v i s i b l e  o u t s i d e .  T h is  o p e r a t i o n  e n a b le d  th e  p lum ule  and r a d i c l e  t o  
grow v e r t i c a l l y  w i th o u t  much c u r l i n g ,  w hich f a c i l i t a t e d  t h e  s e e d l in g s  
t r a n s f e r e n c e  t o  th e  p l e x i g l a s s  p l a t e .  The s h a llo w  c o n t a i n e r  was p la c e d  
i n t o  a  b i g g e r  t r a y  c o n ta in in g  w a te r .  The t r a y  was co v ered  w i th  a 
t r a n s p a r e n t  p o ly e th y le n e  s h e e t  t o  c o n t r o l  m o is tu r e  l o s s  w i th  few sm a l l  
o p e n in g s  f o r  a e r a t i o n .  The t r a y  was k e p t  n e a r  th e  window o f  th e  l a b o r a ­
t o r y  and m a in ta in e d  a t  a b o u t  30°C u n d e r  th e  c o n d i t i o n  o f  d a i l y  i l l u m i ­
n a t i o n  from 150 w a t t s  r e f l e c t o r  f lo o d  lamps p la c e d  a p p ro x im a te ly  80 cm 
above th e  seed  bed .
5 .  Growing R ice  S e e d l in g s  in  C u l tu r e  S o lu t io n
F ive  days a f t e r  seed  g e r m in a t io n ,  th e  sand was washed from th e  
s e e d l in g s  w i th  a j e t  o f  t a p  w a te r .  Two s e e d l in g s  o f  u n ifo rm  s i z e  were 
t r a n s f e r r e d  t o  each  o f  th e  10 h o le s  (6  mm d ia m e te r )  on th e  p l e x i g l a s s  
p l a t e  a s  shown in  F ig u re  2b. A 2-mm mesh n y lo n  s c r e e n  waa g lu e d  o n to  
th e  u n d e r s id e  o f  th e  p l a t e  t o  s u p p o r t  th e  s e e d l in g s .  The u p p e r  s id e  
o f  th e  p l a t e  was sp ra y e d  w i th  aluminum p a i n t .  The p l e x i g l a s s  p l a t e  
w i th  tw e n ty  5 -d a y  o ld  s e e d l in g s  was th e n  t r a n s f e r r e d  on th e  to p  o f
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th e  d e s i c c a t o r  b a se  f i l l e d  w i th  n u t r i e n t  c u l t u r e  s o l u t i o n  and k e p t  
n e a r  t h e  window u n d e r  th e  i l l u m i n a t i o n  m en tioned  ab o v e . The com posi­
t i o n  and c o n c e n t r a t i o n  o f  c u l t u r e  s o l u t i o n  employed were s i m i l a r  t o  
th o s e  u sed  by Tanaka and N avasero  (1 9 6 6 d ) ,  e x c e p t  t h a t  a  s l i g h t l y  low er 
pH was u se d .  The c u l t u r e  s o l u t i o n  c o n s i s t e d  o f  40 ppm o f  N, K, Ca, 
and Mg; 10 ppm F; 1 ppm Fe; and 0 .5  ppm Mn, and was m a in ta in e d  a t  pH 
4 .0 .  P r e p a r a t i o n  o f  s t a n d a r d  n u t r i e n t  s o l u t i o n  i s  shown i n  T a b le  1.
The n u t r i e n t  c u l t u r e  s o l u t i o n  was changed  e v e ry  week u n t i l  t h e  r i c e  
s e e d l in g s  ( 20- t o  30-day  o ld  s e e d l i n g s )  w ere r e a d y  f o r  t r a n s p l a n t i n g .  
The sp ace  around  th e  r i c e  s e e d l in g s  i n  ea c h  h o le  was s e a le d  w i t h  an  
i n e r t  p l a s t i c  m a t e r i a l  (permagum) b e f o r e  t r a n s p l a n t i n g .  Dry w e ig h t 
and c h e m ic a l  c o m p o s i t io n  o f  t h e  young r i c e  s e e d l in g s  a r e  shown i n  
T ab le  2.
6. Transplanting Procedure
Ten days  a f t e r  s o i l  i n c u b a t i o n ,  th e  f i r s t  p l e x i g l a s s  p l a t e  was 
removed from th e  to p  o f  th e  d e s i c c a t o r  b a se  and  t h e  second  p l e x i g l a s s  
p l a t e  s i m i l a r  t o  th e  one removed b u t  c o n t a i n i n g  tw en ty  20- t o  30-day  
o ld  r i c e  s e e d l i n g s  was p la c e d  on to p  o f  t h e  d e s i c c a t o r  b a s e  and s e a l e d .  
A f t e r  t r a n s f e r r i n g  t h e  r i c e  s e e d l in g s  o n to  t h e  d e s i c c a t o r  b a s e  c o n t a i n ­
in g  th e  p r e in c u b a te d  s o i l  s u s p e n s io n ,  p la t in u m  e l e c t r o d e s ,  a  g as  i n l e t  
and o u t l e t  a lo n g  w i th  a r u b b e r  serum cap and r u b b e r  s to p p e r s  were 
i n s t a l l e d  and used  t h e  same way a s  in  th e  s o i l  i n c u b a t i o n  p ro c e d u re .  
D i s t i l l e d  w a te r  was added t o  f i l l  th e  2 - l i t e r  d e s i c c a t o r  b a s e .  T h is  
gave a s o i l : w a t e r  r a t i o  o f  a p p ro x im a te ly  1 :4 .  N i t ro g e n ,  p h o sp h o ru s ,  
and p o ta s s iu m  were added t o  th e  s o i l  s u s p e n s io n  a t  th e  r a t e  o f  75-100 , 
50, and 30 jig /m l s u s p e n s io n  r e s p e c t i v e l y .  D i s t i l l e d  w a te r  was added 
w henever t h e  volume f e l l  below  2 l i t e r s .  The r i c e  p l a n t s  w ere a l lo w ed








o f  the  
Element
Weight o f  
Compound 
Used to  
Prepare  
One L i t e r  
o f Stock 
S o lu t io n  
(g)
C oncentra­
t i o n  o f 
Stock 
S o lu t io n  
(ppm)
Volume o f Stock 
S o lu tio n  Used 
to  P repare  One 
L i t e r  o f  F in a l  
S o lu tion*  
(ml)
C oncen tra tio n  
o f  F in a l  
S o lu t io n  
(ppm)
NaH2P04*H20 137.998 F 30.9739 8.9106 2000 5 10.0
NH4NO3 80.048 N 14.0067 22.8599 8000 5 40.0
KC1 74.560 K 39.1020 15.2545 8000 5 40.0
CaCl2*2H20 147.030 Ca 40.0800 29.3473 8000 5 40.0
MgS04 *7H20 246.498 M8 24.3120 81.1115 8000 5 4 0 .0
FeS04*7H20 278.020 Fe 55.8470 0.9956** 200 5 1.0
MnS04 ’H20 169.010 Mn 54.9380 0.3076** 100 5 0.5
*A f te r  Tanaka and Navasero (1966c), m odified .
^Used d i s t i l l e d  v a t e r  to  d is s o lv e  each compound s e p a ra te ly .
★Used ta p  w ater to  p rep are  th e  b u lk  o f  f i n a l  s o lu t io n ,  brought i n i t i a l  pH o f  tap  v a t e r  to  4 .0  p r i o r  to
adding s to c k  s o lu t io n .
**Adjusted pH o f  d i s t i l l e d  w a te r  to  3 .0  w ith  2 N HCl p r i o r  to  d is s o lv in g  the  compound.
Note: The f i n a l  s o lu t io n  (pH 3 .7 -4 .0 )  should have EC x 10 * approx im ate ly  1 .4  mnhos/cm.
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20 0.784 0.169 34.80 4,496 124.5 80 .0 34.9
25 1.218 0.345 32.50 6.293 164.0 107.5 25.8
30 3.660 0.750 31.25* 7.970* 730.0* 205.0* 25.5
*Rice se e d l in g s  had been grown in  n u t r i e n t  s o lu t io n  
♦ N u tr ien t c o n te n ts  in  shoots and r o o ts  confined
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t o  grow f o r  14 t o  20 days  i n  th e  l a b o r a t o r y  w i th  c o n d i t i o n s  m a in ta in e d  
a t  a b o u t  30°c u n d er  c o n t in u o u s  i l l u m i n a t i o n  from 150 w a t t  r e f l e c t o r  
f lo o d  lamps which w ere p la c e d  a p p ro x im a te ly  60 cm above t h e  p l a n t s .
L ig h t  i n t e n s i t y  a t  th e  p l a n t s  to p s  was a p p ro x im a te ly  500 f o o t  c a n d le s .
7. E l e c t r i c a l  C o n d u c t iv i ty  Measurement
E l e c t r i c a l  c o n d u c t i v i t y  o f  s o i l  s u s p e n s io n s  was m easured by means 
o f  c o n d u c t i v i t y  b r id g e  em ploying  a c e l l  w i th  a c o n s ta n t  o f  a p p ro x im a te ly  
2 r e c i p r o c a l  c e n t i m e t e r s .  The e l e c t r o d e  was i n s e r t e d  d i r e c t l y  I n t o  th e  
s o i l  s u s p e n s io n .  The e l e c t r i c a l  c o n d u c t i v i t y  was c a l c u l a t e d  b a se d  on 
th e  r e s i s t a n c e  v a lu e  r e a d  from th e  r e l a t i o n :  ECC * k /R t , where ECC was 
th e  e l e c t r i c a l  c o n d u c t i v i t y  o f  th e  s o i l  s u s p e n s io n  a t  te m p e ra tu re  t ,  
k was th e  c e l l  c o n s t a n t ,  and Rf. was th e  r e c o rd e d  r e s i s t a n c e  o f  t h e  s o i l  
su s p e n s io n  a t  te m p e ra tu re  t .
C. Rice Variety Used
S a tu r n ,  a  r i c e  v a r i e t y  commonly grown i n  L o u i s i a n a ,  was u s e d .
R ice  s e e d s  were o b ta in e d  from th e  Seed T e s t i n g  L a b o ra to r y ,  L o u is ia n a  
S t a t e  U n i v e r s i t y ,  B aton  Rouge, L o u is ia n a .
D. H P K F e r t i l i z e r  Used
B a s i c a l l y  n i t r o g e n  was added a s  (NH^^SO^ and fo llo w ed  by  th e  
second in c re m e n t  as  NH^Cl. D i f f e r e n t  o t h e r  s o u rc e s  o f  n i t r o g e n  were 
u sed  in  th e  t r a c e r  s t u d i e s .  Phosphorus  and p o ta s s iu m  were added
as  and KCl, r e s p e c t i v e l y .
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E. N i t ro g e n -  N S o u rces  Used
In  th e  t r a c e r  e x p e r im e n ts ,  t h e  fo l lo w in g  s o u rc e s  o f  n i t r o g e n  
were used :
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X) Ammonium s u l f a t e  c o n ta in in g  10 .8414 atom p e r c e n t  e x c e s s .
2) Sodium n i t r a t e  c o n ta in in g  10.0812 atom p e r c e n t  e x c e s s .
3) U rea  c o n ta in in g  9 .9 0 3 8  atom p e r c e n t  e x c e s s .
F. Radioactive Isotopes Used
In  th e  e x p e r im e n ts  u t i l i z i n g  ^9Fe, 65Zn, and -^P s t u d i e s ,
th e  fo l lo w in g  r a d i o a c t i v e  compounds were u sed :
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1) Carrier-free MnCl2 in  0 ,5  M HCl.
5 92) FeCl3 tag g ed  w i th  Fe in  1 .0  N HCl. The r a d i o a c t i v e  compound 
had  a s p e c i f i c  a c t i v i t y  o f  4 0 .5  mCi/mg FeC l3 -
3) C a r r i e r - f r e e  **^ZnCl2 in  0 .5  JT HCl.
4 ) C a r r i e r - f r e e  in  0 .0 2  N HCl.
G. Description of Experiments
1. E f f e c t  o f  A ero b ic  and A n aero b ic  C o n d i t io n s  and pH on S o i l  
Redox P o t e n t i a l  and Growth and U ptake o f  Fe and Mn by  R ice  
in  a F looded S o i l  
T h is  e x p e r im e n t was d e s ig n e d  (1 )  t o  s tu d y  th e  e f f e c t  o f  a e r o b ic  
and a n a e r o b ic  c o n d i t i o n s  and s o i l  pH on red o x  p o t e n t i a l  o f  s o i l  su sp e n ­
s io n s  in  which r i c e  was grown, ( 2 ) t o  d e te rm in e  th e  amounts o f  a c i d  and 
a l k a l i  r e q u i r e d  t o  m a in ta in  s o i l  pH l e v e l s  under  a e r o b ic  and a n a e ro b ic  
c o n d i t i o n s ,  and (3 )  t o  d e te rm in e  th e  grow th  o f  r i c e  and t h e  u p ta k e  o f  
b o th  n a t i v e  and added l a b e l l e d  Fe and Mn by t h e  r i c e  p l a n t s  grown u n d e r  
th e s e  s o i l  o x i d a t i o n - r e d u c t i o n  and pH c o n d i t i o n s .  The t r e a tm e n t s  were 
d u p l i c a t e d  and a r e  l i s t e d  below :
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(a) Aerobic pH 5.5 + labelled Mn
(b) Aerobic pH 5.5 + labelled Fe
(c) Aerobic pH 7.5 + labelled Mn
(d) Aerobic pH 7.5 + labelled Fe
(e) Anaerobic pH 5.5 + labelled Mn
(f) Anaerobic pH 5.5 + labelled Fe
(g) Anaerobic pH 7.5 + labelled Mn
(h) Anaerobic pH 7.5 + labelled Fe
The soil suspensions were Incubated to obtain aerobic and anaerobic 
conditions as described under soil incubation procedure. Ten days after 
the beginning of soil incubation, the pH of aerobic and anaerobic soil 
suspensions was adjusted to 5.5 and 7.5 with measured amount of acid 
or alkali. Twenty-five-day old rice seedlings which had been grown in 
culture solution were transferred onto the aerobic and anaerobic soil 
suspensions as described under growing rice seedlings in culture solu­
tion and under transplanting procedure. N f K fertilisers were added 
at the rate of 50, 50, and 50 ;ug/ml respectively. A nitrification 
inhibitor, 2-Chloro-6-(trichloromethyl) pyridine (N-Serve) was used at 
the rate of 6 jug/g in all treatments to prevent formation of nitrate 
under aerobic conditions. Thus, the ammonium form of nitrogen was 
maintained both under aerobic and anaerobic conditions. Specific 
activity of radioactive isotopes added to respective treatments was
0.01 uCi/g for ^Mn and 0.02 juCl/g for ^®Fe. A second increment of N 
as ammonium chloride was added at 25 jug/ml five days after transplanting. 
Plant height was measured at 7-day intervals until harvest. At harvest 
the soil suspension under anaerobic conditions was sampled to determine 
total sulflde-S.
At the end of the experimental period, which consisted of 14 days 
after transplanting, the shoots and roots of the rice plants were 
harvested and dried separately in a forced draft oven. After drying, 
the weights of shoots and roots were recorded, the shoots were wet 
ashed and analyzed to determine the concentration of native Fe and Mn 
and specific activity of added ^®Fe and taken up by the rice plants
2. Effect of Aerobic and Anaerobic Conditions and pH on Soil
Redox Potential and Electrical Conducitivity and Growth and
Uptake of Zn and P by Rice in a Flooded Soil 
The purposes of this study were to determine (1) the effect of
aerobic and anaerobic conditions and pH levels on redox potential, 
amount of acid and alkali added to maintain soil pH levels, and 
electrical conductivity of flooded soil suspensions which were used 
to grow rice, (2) the effect of these soil oxidation-reduction and pH 
conditions on growth, chemical composition, and uptake of native and 
added labelled Zn and P by the rice plants, and (3) recovery of added 
labelled Zn and P in the plant as affected by these experimental 
conditions.
Two Identical experiments were conducted. Each experiment had 
the following treatments in duplicate:
(a ) Aerobic pH 5
(b) Aerobic pH 6
(c) Aerobic pH 7
<d> Aerobic pH 6
<e) Anaerobic pH 5
<£> Anaerobic pH 6
(g ) Anaerobic pH 7
(h ) Anaerobic pH 8
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The s o i l  s u sp e n s io n s  w ere in c u b a te d  t o  o b ta in  a e r o b ic  and 
a n a e ro b ic  c o n d i t io n s  a s  d e s c r ib e d  in  th e  s e c t io n  on s o i l  in c u b a t io n  
p ro c e d u re .  F o u r te e n  days a f t e r  th e  b e g in n in g  o f  s o i l  in c u b a t io n ,  th e  
pH o f  a e ro b ic  and a n a e ro b ic  s o i l  s u s p e n s io n s  was a d ju s te d  t o  pH 5 , 6 ,
7, and 8 with measured amounts of acid or alkali. TWenty-day old rice 
seedlings which had been grown in culture solutions were transferred 
to the aerobic and anaerobic soil suspensions as described above for 
growing rice seedlings in culture solution and under transplanting 
procedures. N P K fertilizers were added at the rates of 50, 50, and 
50 jig/ml respectively. The nitrification inhibitor described above 
was added at the rate of 6 jug/g in all treatments to prevent nitrifica­
tion of ammonium under aerobic conditions. In one experiment, carrier- 
free ZnCl2 tagged with *^Zn was added to all treatments at 0 . 1  jiCi of 
*^Zn/g of soil. In another experiment, all treatments received 
carrier-free H3P0^ tagged with P at the rate of 0.08juCi of p/g of 
soil. A second increment of N as ammonium sulfate was added in both 
experiments at 25 jug/ml 14 days after transplanting. Redox potential 
was measured every day following the adjustment of soil pH. Electrical 
conductivity of aerobic and anaerobic soil suspensions and total 
sulfide-sulfur of soil suspension of anaerobic soil was determined at 
the end of the experimental period.
At th e  c o n c lu s io n  o f  each  e x p e r im e n ta l  p e r io d ,  w hich  c o n s is te d  
o f  20 days a f t e r  t r a n s p l a n t i n g ,  th e  sh o o t and r o o t  o f  th e  r i c e  p l a n t s  
w ere h a r v e s te d  and d r ie d  s e p a r a t e ly  in  a fo rc e d  d r a f t  o ven . A f te r  
d ry in g ,  th e  w e ig h ts  o f  s h o o t and r o o t  were r e c o rd e d ,  th e  s h o o t was 
w et ash ed  and a n a ly z e d  t o  d e te rm in e  th e  m in e ra l  c o n s t i t u e n t s  and
AC -in
s p e c i f i c  a c t i v i t y  o f  Zn and in  th e  r i c e  p la n t  t i s s u e .
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3. Effect of Aerobic and Anaerobic Conditions and pH on Soil 
Redox Potential, Electrical Conductivity. Growth and 
Recoveries of Added Labelled Amnonium-N and Nltrate-N by 
Rice in a Flooded Soil 
This experiment was designed to examine the effect of aerobic and 
anaerobic conditions and soil pH on the uptake of amnonium nitrogen and 
nitrate nitrogen by rice. Amnonium sulfate and sodium nitrate each 
enriched with were used in this experiment. The specific objectives 
were to determine recovery of labelled N from ammonium sulfate and 
from sodium nitrate in different soil fractions and in the rice plants 
grown under aerobic and under anaerobic conditions controlled at pH 4.5, 
6.0, and 7.5. An attempt was also made to study the effect of these 
soil oxidation*reduction and pH conditions on redox potential, amount 
of acid and alkali added to maintain pH, electrical conductivity, and 
distribution of applied N into different soil nitrogen fractions. The 
treatments were duplicate and as follows:
(a) Aerobic pH 4.5 + C1 5nh4 )2s°4
(b) Aerobic pH 6.0 + <15NH4)2S04
<c) Aerobic pH 7.5 + (1 5NH4 )2S04
(d) Aerobic pH 4.5 + Na1 5N03
(e) Aerobic pH 6.0 + Na15N03
(f) Aerobic pH 7.5 + Na15N03
(s) Anaerobic pH 4.5 + <l5NH4 )2S04
0 0 Anaerobic pH 6.0 + (15NH4 )2S04
(i) Anaerobic pH 7.5 + (1 5nh4 )2so4
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Soil Incubation to obtain aerobic and anaerobic conditions was 
the same as described for the soil incubation procedure. Eight days 
after the beginning of the soil incubation, the pH of aerobic and 
anaerobic soil suspensions was adjusted to 4.5, 6.0, and 7.5 with 
measured amounts of acid or alkali. Thirty-day old rice seedlings 
which had been grown in culture solution were transferred onto the 
aerobic and anaerobic soil suspensions as described for the trans­
planting procedure. Nitrogen, phosphorus and potassium were added to 
the soil suspension at the rates of 100, 50, and 50jug/ml, respectively. 
Nitrogen sources as either (^NK^^SO^ with 10.8414 atom % *̂ N, or 
Na^N0 3 with 10.0812 atom % were added according to treatment. 
Phosphorus and potassium were added to all treatments as Na^PO^'^O 
and KCl, respectively. The nitrification inhibitor described above 
was added at the rate of 6 ug/g in all treatments to prevent nitrifi­
cation of amnonium under aerobic conditions. Thus, the utilization 
of ammonium nitrogen and nitrate nitrogen applied under aerobic soil 
conditions can effectively be compared. Redox potential was measured 
every day following the adjustment of soil pH. Electrical conductivity 
of aerobic and anaerobic soil suspensions was measured at the end of 
the experiment.
At the end of the experimental period, which consisted of 14 days 
after transplanting, the shoot and root of the rice plants were 
harvested and dried separately in a forced draft oven. After drying, 
the weights of shoot and root were recorded and then mixed and finely 
ground. A portion of the plant sanple from each treatment was digested 
and distilled for total nitrogen and for isotope ratio analysis.
A sample of the soil suspension from each treatment was removed for
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determination of inorganic N (NH^-N + NOj-N) and organic N and for 
15N isotope ratio analysis.
4. Effect of Aerobic and Anaerobic Conditions and pH on Soil 
Redox Potential. Electrical Conductivity. Growth and 
Recoveries of Added Labelled Antonlum-N and Urea-N bv 
Rice in a Flooded Soil.
This experiment was designed to examine the effect of aerobic and 
anaerobic conditions and pH levels on recovery of applied labelled 
amnonium sulfate and labelled urea by rice plants in flooded soil. 
The specific objectives of this study were to determine: (1) the
effect of aerobic and anaerobic conditions and pH levels on the nitrogen 
uptake of added labelled amnonium sulfate and urea by the rice plant 
grown in flooded soil, (2 ) the recovery of added labelled nitrogen in 
soil organic and inorganic nitrogen fractions as affected by the soil 
oxidation-reductlon and pH conditions, and (3) the effect of these 
experimental conditions on soil redox potential, amount of acid and 
alkali required to maintain soil pH levels, electrical conducitivity 
and the total recovery of applied nitrogen sources in the soils. The 
treatments were in duplicate and as follows:
( a ) Aerobic pH 5 .5  +  ( l 5 NH4)2S04
(b) Aerobic pH 5 .5  + ( I 5 NH2) 2CO
(c) Aerobic pH 7 .5  +  ( 15NH4 ) 2S04
<d) Aerobic pH 7 .5  +  ( 15NH2) 2CO
(e) Anaerobic pH 5 .5  +  <15NH4 ) 2S04
(f) Anaerobic pH 5 .5  + ( l 5 NH2 )2 C0
(g) Anaerobic pH 7 .5  +  ( 15NH4 ) 2S04
<H> Anaerobic pH 7 .5  + ( 15NH2) 2CO
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Soil Incubation to obtain aerobic and anaerobic conditions was 
the same as described under soil incubation procedure. Ten days after 
the beginning of the soli incubation, the pH of the aerobic and anaero­
bic soil suspension was adjusted to 5.5 and 7.5 with measured amounts 
of either acid or alkali. Twenty-five-day old rice seedlings which 
had been grown in culture solution were transferred to the aerobic and 
anaerobic soil suspensions as described under the transplanting proce­
dure. Nitrogen, phosphorus and potassium were added to the soil sus­
pension at the rates of 100, 50, and 50 ppm respectively. Nitrogen
sources as either (1 5NH4 >2S0 4 with 10,8414 atom 7. l5N or (1 5NH2>2CO
15with 9.9038 atom % N were added according to the treatment listed 
above. Phosphorus and potassium were added to all treatments as 
NaH2P0^*H20 and KCl respectively. No N-Serve,nitrification inhibitor 
was added. Redox potential was measured every day following the 
adjustment.of soil pH. Electrical conducitivlty of aerobic and 
anaerobic soil suspensions was measured at the end of the experiment.
At the conclusion of the experiment, which was 14 days after 
transplanting, the shoots and roots of the rice plants were harvested 
and dried separately in a forced draft oven. After drying, the weights 
of shoots and roots were recorded and then mixed and finely ground.
The plant samples were analyzed for ^ N  isotope ratio. Soil suspension 
from each treatment was taken at 0, 5, 10, and 15 days after trans­
planting for determination of NH]£-N and NO3-N. Five ml of 1% HgCl2 
solution was added to the soil sample to stop biologically nitrogen
transformation. The samples were stored in the refrigerator at 0°C
15until analysis. The N isotope ratio analysis was made for inorganic
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(NH^-^N + NO^-^N) fraction and organic-^N fraction In soil suspen­
sion taken at the end of the experiment.
H. Analytical Methods
I. Soil Analysis
a. Determination of inorganic nitrogen.
(1) Extraction. Inorganic nitrogen (ammonium + nitrate) 
was extracted from the soil suspension by adding 10 grains of KCl into
100 ml of soil suspension and shaking for one hour. The samples were
then filtered, using a Buchner funnel. The extracts were acidified by 
adding a drop of concentrated H2SO4 and stored in the refrigerator at 
0°C until analyzed.
(2) Determination of aramonlum-N. The ammonium_N in the 
extract was determined by micro-KJeldahl distillation with MgO (Bremner, 
1965b). The distillate was collected in standard 0.1 H2SO^ and 
analyzed colorimetrleally following addition of Nessler's reagent.
(3) Determination of nltrate-M. The nitrate.N in the 
extract was determined by micro-Kjeldahl distillation in the presence 
of Devarda's alloy (Bremner, 1965b) after the distillation of anmonium- 
N was completed. The distillate was collected in standard 0.1 N H2SO4  
and analyzed colorimetrically following addition of Nessler's reagent.
(4) Determination of total Inorganic-N. The total 
inorganic nitrogen (ammonium + nitrate) in the extract was determined 
by macro-Kjedahl distillation with MgO and Devarda's alloy added 
immediately before distillation (Bremner, 1965a). The distillate was 
collected in standard 0.1 N H2SO4 and titrated with standard 0.1 N 
NaOH using methyl red indicator. The titrated solution was further 
prepared for analysis.
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b. Determination of organic nitrogen. The soil remaining 
in the Buchner funnel after the extraction of inorganic nitrogen was 
oven-dried and analyzed for organic nitrogen by a modified KJeldahl 
procedure employed by Tusneem and Patrick (1971). Five grams of soil 
sample, oven-dry basis, was placed in 650-ml KJeldahl digestion flask. 
About 10 ml of distilled deionized water was added to the soil and 
allowed to stand for 20 minutes. The flask was then swirled carefully 
and 6 grams of digestion mixture (10 parts K2SO4 , 1 part FeSO^, 1/2 part 
of CuSO^) were added. Then 15 ml of concentrated H2SO4 was added and 
the contents were mixed by swirling the flask. The digestion was then 
commenced and continued for two hours after the solution had cleared.
The digested material was allowed to cool, diluted to 200 ml with 
distilled water, and distilled after adding 50 ml of 50% NaOH. The 
ammonia released by distillation was collected in standard 0 .1  N
H2SO4 and determined by titration with standard 0.1 N NaOH. The 
titrated solution was further prepared for analysis.
c. D e te rm in a tio n  o f  t o t a l  s u l f l d e - S . The method used  fo r  
th e  d e te rm in a tio n  o f  t o t a l  s u l f i d e - s u l f u r  was an  io d o m e tric  method 
p re s e n te d  in  S tan d ard  M ethods f o r  th e  E xam ination  o f  W ater and W aste­
w a te r  (F a rb e r ,  1960) w hich was m o d ified  and used  by E n g le r (1972).
2. Plant Analysis
a . D e te rm in a tio n  o f  m in e ra l c o n s t i t u e n t s . A f te r  h a r v e s t in g ,  
th e  p la n t  t i s s u e  was d r ie d  in  a  fo rc e d  d r a f t  oven a t  65°C f o r  24 h o u rs . 
A f te r  d ry in g , th e  a e r i a l  p o r t io n  o f  p l a n t s  r e s u l t i n g  from th e  v a r io u s  
t r e a tm e n ts  was w eighed and chopped by hand to  a m oderate  d eg ree  o f  
f in e n e s s .  D u p lic a te  0.5 gram  sam ples o f  p la n t  t i s s u e  w ere w e t-ash ed  
w ith  a 10:1:4 m ix tu re  o f  HNO3-H2SO4 -HCIO4 as  d e s c r ib e d  by Jack so n  (1958).
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The solution remaining after digestion was brought up to volume in a 
25 ml volumetric flask.
The concentration of iron, manganese, and zinc were measured 
without further dilution of the solution by means of a Perkin‘Elmer 
107 Atomic Absorption Spectrophotometer. Remaining solutions were 
used for radioassay of their respective tracers.
Phosphorus was determined colorimetrically on an aliquot of the 
solution by an ascorbic methods described by Watanabe and Olsen (1965). 
The optical density of the solution was measured with a Bausch and
Lomb Spectronic 20 Spectrophotometer. Aliquot was saved for radioactive
32P assay.
b. Determination of total nitrogen. In the experiment 
dealing with tracer ^N, after harvesting the plant tissue was dried 
in a forced draft oven at 65°C for 24 hours. After drying, the shoots 
and roots pf the rice plants resulting from various treatments were 
weighed and ground to moderate fineness. Total nitrogen in the plant 
tissue was analyzed by a modified KJeldahl procedure similar to the
one used  f o r  th e  d e te rm in a tio n s  o f  s o i l  o rg a n ic  n i t r o g e n .  The t i t r a t e d
15solution was further prepared for N analysis.
3. Techniques
The titrated samples containing nitrogen in the form of ammonium 
sulfate were concentrated so that about 3 ml of the final solution 
contained at least 1 mg N per ml. Hie analysis was carried out 
using a DuPont Model 21-614 mass spectrometer according to the method 
of Rittenberg (1948) as described by Bremner (1965c).
Further calculation for atom-percent excess and labelled N 
recovered was made after Jansson (1958).
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4. Radioassay Techniques
a. Assay of beta-emitting samples. Radioassay of plant
32sam ples o b ta in e d  from th e  ex p erim en t u t i l i z i n g  P (a  b e ta - e m i t t in g )
was made by liquid scintillation counting. Aliquots (3 ml) of wet-
ashed plant samples described in the section on determination of mineral
constituents were mixed with 10 ml of "Aquasol” (New England Nuclear,
Boston, Mass.) and then counted for 10 minutes in a Beckman L.S.-250
32Liquid Scintillation Spectrometer using the wide P discriminator
(isoset). All samples, Including standards, were assayed in an identical
manner. Counting efficiency was calculated from the net counts (cpm)
after subtraction of background activity and the absolute activity of
the standards (in dpm). Appropriate decay corrections were also applied.
Counting efficiency was then determined as follows:
% efficiency - W*i. cPm
dpm
The counting efficiency obtained from the above relation was then
used to convert the data to specific activity (where 1 pCi ■ 2 . 2 2 x 1 0**
dpm) in ,uCi/g of plant tissue, and to total activity in pCi/pot. The 
32p e rc e n t o f  P re c o v e re d  in  th e  p la n t s  was a l s o  c a lc u la te d  from th e
total activity in the plant samples and the initial total activity
added to the soil after appropriate decay corrections were made.
b. Assay of ganma-emlttlng samples. Plant samples obtained
39from the experiments dealing with the gamma-emitting radiotracers Fe, 
54Mn, and **̂ Zn were assayed in a deep-well Nal (Tl) counter. The size 
of the crystal was 2 x 2  Inches right cylinder. Wet-ashed plant 
samples described in the section on determination of mineral consti­
tuents were used for radioassay. A 3 ml aliquot containing a single
label of either ^Fe or or ^Zn was placed In a test tube and
counted for 10 minutes. Best operating voltage was determined for
each isotope separately by plotting the square of sample count rate 
2(Rg) over the background count rate (B^) versus applied voltage. The 
"figure of merit" was at a maximum on the curve and this was the best
operating voltage. These voltages, for each isotope (̂ M̂n: 950 v,
59  65Fe: 900 v, and Zn: 900 v) were also verified by the integral
spectrum method for well-counters as described by Chase and Rabinowitz 
(1967). All of the samples and standards were assayed after the com­
pletion of each study. The samples as well as the dosing standards 
were derived from the same source of each radiotracer. The counting 
efficiency and the radioactivity of each radiotracer taken up by the 
plants were calculated in the same fashion as described under assay of 
beta-emitting samples.
RESULTS AND DISCUSSION
A. Effect of Aerobic and Anaerobic Conditions and pH on Soli Redox 
Potential and Growth and Uptake of Fe and Mn by Rice In a 
Flooded Soil
A laboratory study was conducted to evaluate the effect of aerobic 
and anaerobic conditions on soil redox potential and growth and Fe and 
Mn utilization by rice at controlled pH values of 5.5 and 7.5 in flooded 
soil suspension. The utilization of both added labelled and native 
soil Fe and Mn by rice plants was followed in this study.
1. Effect of Aerobic and Anaerobic Conditions and pH on Soil 
Redox Potential
Eight days after the beginning of soil incubation and before 
different pH levels were controlled, the redox potential under aerobic 
and anaerobic soil conditions differed markedly. The redox potential 
of the aerobic soil was as high as +683 mv at pH A.6 , while that of 
anaerobic soil was as low as approximately -64 mv at pH 5.7. A redox 
potential value of +300 mv at pH 5.0 is ordinarily considered to be a 
boundary between oxidized and reduced conditions (Aomlne, 1962; Gotoh 
and Patrick, 1974).
When pH levels were controlled, the redox potential under aerobic 
and anaerobic soil conditions was shifted to more or less constant 
values at each pH level. Redox potential values of aerobic and 
anaerobic soil conditions controlled at pH 5.5 and 7.5 during the 
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Redox potential was constant at about +550 mv and +430 mv at pH
5.5 and 7.5, respectively, under aerobic soil conditions. Under 
anaerobic conditions, in contrast, the redox potentials were constant 
at about -160 mv and -280 mv at pH 5.5 and 7.5 respectively. The 
results showed the difference in the potential values between pH 5.5 
and 7.5 (2 pH units) was about 120 mv or about 60 mv/pH unit under 
both conditions. This was close to the theoretical value (60 mv) used 
to correct Eh data to pH 7.0. Consequently, correcting Eh to pH 7.0 
(E7 ) for aerobic and anaerobic conditions gave +461 mv and -250 mv 
respectively.
Redox potential has a marked effect on manganese and iron 
behavior. Redox potential values (E^) below +200 mv and +120 mv have 
been reported to be favorable for manganese reduction and iron reduc­
tion, respectively (Patrick, 1964; Turner and Patrick, 1968). In 
subsequent studies on transformation of manganese and iron in water­
logged soil at controlled pH, Gotoh and Patrick (1972, 1974) reported 
that at pH 5 appreciable reductions of manganese and iron occurred at 
redox potential as high as +500 mv and +300 mv, respectively.
2. Effect of Aerobic and Aneroblc Conditions and pH on the 
Amounts of Acid and Alkali Required to Maintain pH
During the incubation period of the soil, the pH decreased from 
its initial value of 5.2 to 4.6 under aerobic conditions and increased 
to 5.7 under anaerobic conditions. The total amounts of acid or 
alkali required to control the pH under the two soil oxidation-reductlon 
conditions are shown in Figure 4.
Under anaerobic conditions, total amount of HCl required to control 
pH at 5.5 was 10.0 meq/100 g whereas 8.2 meq/100 g NaOH was required to
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control pH at 7.5. No HCl was required under aerobic conditions, but
approximately 2.8 and 6.9 meq/100 g NaOH were added to control soil
pH at 5.5 and 7,5 respectively.
Fe and Mn reductions were probably responsible for HCl being
required to maintain soil at pH 5,5 under anaerobic conditions.
Reduction reactions of Fe and Mn under anaerobic conditions have been
reported by many workers (i.e. Patrick, 1964; Ponnamperuma, 1972;
Gotoh and Patrick, 1972, 1974). All of these reported reduction
reactions involve the consumption of H+ ions. Calculations based on
3+1 meq of H+ ion reacting with approximately 0.5 meq of Fe yield
2792 ppm of Fe^+ released under anaerobic conditions at pH 5.5. This
2+ 2+amount represents the maximum amount of combined Fe (and Mn 
equivalent) released.
3. Effect of Aerobic and Anaerobic Conditions and pH on Plant 
Height and Dry Matter Weight 
The heights of the rice plants which were grown under aerobic 
and anaerobic conditions controlled at pH 5.5 and 7.5 measured at 
different growth stages are shown in Figure 5.
Under the different soil oxidation-reduction and pH conditions 
the plants grew slowly during the first week after transplanting and 
did not show any appreciable differences among treatments. Two weeks 
after transplanting, however, the plants had grown considerably and 
showed marked differences among treatments. Plants grown under anaerobic 
conditions were taller than plants grown under aerobic conditions at 
both pH levels. Under both soil oxidation-reduction conditions, the 
plants grown at pH 5.5 were taller than the plants grown at pH 7.5.





















pH 5.5pH 5.5 pH 7.5
Figure 5. Effect of aerobic and anaerobic conditions on plant height 
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oxidation-reduction conditions and pH treatments indicate that 
differences in soil oxidation-reduction conditions and pH have nutri­
tional and physiological effects on the rice plants.
The effect of aerobic and anaerobic conditions on the dry matter 
weight of shoots and roots of the rice plants grown at pH 5.5 and pH
7.5 is shown in Figure 6 .
Plants grown under anaerobic conditions produced greater dry 
weight of shoots and roots than plants grown under aerobic conditions 
at all pH levels. There was no appreciable effect of the two soil pH 
levels on the weight of shoots and roots of the plants grown under 
aerobic conditions. The dry weight of shoots and roots of the 
plants grown under anaerobic conditions, on the other hand, was 
markedly affected by the two soil pH levels. The dry weight of shoots 
of the plants grown under anaerobic conditions was greater at pH 5.5 
than at pH 7.5. The greater dry weight of the shoots of the plants 
grown at pH 5.5 as compared to that grown at pH 7.5 may be due to 
greater solubility and subsequent availability of certain plant 
nutrients at low pH as compared to those at high pH under reducing 
conditions. Among these nutrients are Fe and Mn (Gotoh and Patrick, 
1972, 1974). It is interesting to note that plants grown under 
anaerobic conditions produced greater shoot weight but lower root 
weight at pH 5.5 than at pH 7.5. Greater dry matter weight of roots 
and lower weight of shoots of the plants grown under anaerobic condi­
tions at pH 7.5 compared to pH 5.5 might be due to lower redox potential 
of the soil under anaerobic conditions. These results suggest either 
better ability of rice roots to proliferate under greater reducing 
conditions or the need for a more exensive root system. No such
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relationship in the shoot and the root weight was observed in the 
plants grown under aerobic conditions.
Young leaves of the plants grown under aerobic conditions were 
chlorotic at all pH levels. This symptom was observed during the 
first week after transplanting and appeared to be similar to iron 
deficiency symptoms. Other physiological disorders were also observed 
in the rice plants which were grown under anaerobic conditions. Rice 
which was grown under anaerobic conditions at pH 5.5 showed iron 
toxicity symptoms and at pH 7.5 rice plants showed symptomless toxi­
cant disease (Hollis, 1967) apparently due to soluble sulfide. Analysis 
of soil under anaerobic conditions at the end of the experiment revealed 
that total sulfide-sulfur was 2.2 ppm at pH 5.5 and 19.4 ppm at pH 7.5. 
Examination of rice roots at the conclusion of the experiment also 
revealed that the roots of rice plants grown under anaerobic conditions 
had a slightly orange-brown coating at pH 5.5 and were blackened and 
apparently unhealthy at pH 7.5. The soil under latter conditions 
smelled strongly of H2S. The roots under aerobic conditions were 
creamish-white and apparently healthier at pH 5.5 than at pH 7.5.
4. Effect of Aerobic and Anaerobic Conditions and pH on 
Concentrations of Native and Added Labelled Fe and Mn 
in the Rice Plants
The effect of aerobic and anaerobic conditions on concentrations 
of native soil Fe and fti in the rice plants at controlled pH 5.5 and
7.5 is shown in Figure 7.
Both soil oxidation-reduction conditions and pH had marked effects 
on concentrations of native soil Fe and Mn in the rice plants. At pH
5.5, the concentrations of native soil Fe in the plants under anaerobic
F« Mn
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Figure 7. Effect of aerobic and anaerobic conditions on concentra 
tions of native soil Fe and Mn in the rice plants at 
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Figure 8 . Effect of aerobic and anaerobic conditions on concentra 
tions (specific activity) of added labelled Fe and Mn 
in the rice plants at pH 5.5 and 7.5.
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conditions was about five times higher than for any other soil 
oxidation-reduction and pH conditions. The high concentration of 
native soil Fe In the plant under anaerobic conditions at pH 5*5 was 
probably due to the presence of large amounts of ferrous Iron and 
manganous manganese (Gotoh and Patrick, 1972, 1974). The low concen­
tration of native soil Fe in the plants under aerobic conditions was 
due to the fact that iron was not mobile under oxidized conditions and 
that the minimum pH value used in this experiment was not low enough 
to effect its mobility.
High concentration of Fe in the plants grown under anaerobic 
conditions is in agreement with the findings of Ponnamperuma, BradfieId, 
and Peech (1955), but is contrary to the findings of Chaudhry and 
McLean (1963).
The concentration of native soil Mn in the plant under anaerobic 
conditions was about three times higher than under aerobic conditions 
at pH 5.5 and about four times higher at pH 7.5, However, similar to 
the concentration of native soil Fe in the plant under aerobic condi­
tions, no appreciable difference was observed in the concentration of 
native soil Mn in the plants under aerobic conditions at both controlled 
pH levels. This is due to the fact that manganese, too, was not 
especially mobile under oxidized conditions. The higher native soil 
Mn content in the plants which were grown under anaerobic conditions 
than native Mn content in the plants which were grown under aerobic 
conditions at all pH levels found in this experiment is in agreement 
with the findings of Clark, Nearpass, and Sprecht (1957), but is contrary 
to the findings of Senewlratne and Mikkelsen (1961).
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Xh« r e s u l t ■ su g g e s t  t h a t  s s  th e  pH le v e l  o f  th e  s o i l  u nder a e ro b ic  
c o n d i t io n s  In c re a s e d ,  th e  c o n c e n tr a t io n  o f  n a t iv e  s o i l  Fe In  th e  p la n t s  
d e c re a s e d . In  c o n t r a s t ,  a s  th e  pH le v e l s  I n c re a s e d ,  th e  c o n c e n tr a t io n  
o f  n a t iv e  s o i l  Mn in  th e  p l a n t s  In c re a s e d . I t  ap p e a rs  t h a t  th e s e  two 
e lem en ts  a t  l e a s t  p a r t i a l l y  r e g u la te  th e  a b s o rp t io n  o f  one a n o th e r .
T h is  f in d in g  I s  in  agreem ent w ith  th e  r e s u l t s  o f  Tanaka and N avasero  
(1966b$)w hich was e x p la in e d  a s  an an tag o n ism  betw een  th e s e  n u t r i e n t s .
The r a t i o  o f  n a t iv e  s o i l  Fe and Mn c o n c e n tr a t io n  in  th e  p la n t  u nder 
d i f f e r e n t  s o i l  o x id a t io n - r e d u c t io n  c o n d i t io n s  and pH tr e a tm e n ts  a re  
n o te w o rth y . P la n ts  grown u n d e r a e ro b ic  c o n d i t io n s  c o n t r o l le d  a t  pH
5 .5  and 7 .5  had Fe/Mn r a t i o s  o f  0 .9 2  and 1 .2 3  r e s p e c t iv e ly  and w ere 
c h l o r o t l c .  P la n t s  grown u n d e r a n a e ro b ic  c o n d i t io n s  a t  pH 5 .5  had 
Fe/Mft r a t i o  o f  1 .7 5  and had s l i g h t  c h lo r o s i s .  P la n ts  grown u n d er 
a n a e ro b ic  c o n d i t io n s  a t  pH 7 .5  had th e  lo w es t Fe/Mn r a t i o  o f  0 .3  b u t  
w ere n o t c h lo r o t lc *  C h lo ro s is  in  th e  p la n t  grown under a e ro b ic  con ­
d i t i o n s  was a p p a r e n t ly  due t o  low c o n te n ts  o f  b o th  I ro n  and m anganese.
«
Tanaka and N avasero  (1966c) r e p o r te d  t h a t  a  low c o n te n t  o f  i r o n  and 
h ig h  c o n te n t  o f  p h o sp h o ru s , c a lc iu m , m anganese o r  o rg a n ic  a c id s  
accoq> an led  c h l o r o s i s .  B ro n sin g  in  th e  p la n t s  grown u n d e r a n a e ro b ic  
c o n d i t io n s  a t  pH 5 .5  was p ro b a b ly  due to  i r o n  t o x i c i t y  s in c e  th e  l e v e l  
o f  Fe shown In  th e  p l a n t  t i s s u e  r e p re s e n te d  a  to x ic  l e v e l  f o r  th e  r i c e  
p l a n t s .  I ro n  c o n te n t above 300 ppm In  th e  l e a f  b la d e  h as  been r e p o r te d  
t o  be to x ic  t o  th e  r i c e  p la n t s  (T anaka, Loe, and N avasero , 1966; IRRI, 
1969).
The e f f e c t  o f  a e ro b ic  and a n a e ro b ic  c o n d i t io n s  on th e  c o n c e n tra ­
t i o n  o r  s p e c i f i c  a c t i v i t y  o f  l a b e l l e d  Fe and Mn in  th e  r i c e  p la n t s  a t  
c o n t r o l le d  pH 5 .5  and pH 7 .5  I s  shown In  F ig u re  8 .
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Relatively similar trends were observed with the concentration of 
labelled Fe (Figure 8) as with the concentrations of native soil Fe 
(Figure 7) in the plants as affected by both soil oxidation-reduction
conditions and pH. these results suggest a uniformly label of all
59added Fe with native soil Fe fractions which were available to plants. 
The results with labelled Mn were not consistent with the results for 
native soil Mn. The concentration of labelled Mn in the plant tissue 
under aerobic conditions was almost equal to or higher than under 
anaerobic conditions. The different trends in the absorption of 
labelled Mn and native soil Mn by the plants under anaerobic conditions 
suggest that labelled Mn added to the soil two days prior to trans­
planting did not uniformly label all of the native soil Mn. To Insure 
uniformly labelled native soil Mn after mixing labelled Mn, Gotoh and 
Patrick (1972) kept the soil submerged for three weeks at 30°c and 
then held 1/3 bar moisture percentage for another three weeks. However, 
the results with the high absorption of labelled Mn by the plants under 
aerobic conditions indicated further that if manganese is not a limiting 
factor in the soil solution, absorption of this nutrient would also be 
affected by pH and Increased as the pH of the soil solution increased. 
The increased concentrations of labelled Mn in the plants under both 
aerobic and anaerobic conditions as the pH increased was marked.
5. Effect of Aerobic and Anaerobic Conditions and pH on Total 
Uptake of Native and Added Labelled Fe and Mn by the Rice 
Plants
The effect of aerobic and anaerobic conditions on the uptake of 
native soil Fe and Mn by the rice plants at controlled pH 5.5 and pH
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Figure 10. Effect of aerobic and anaerobic conditions on the uptake 
(total activity) of added labelled Fe and Mn by the rice 
plants at pH 5.5 and 7.5.
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n a t t e r  w e ig h t and th e  c o n c e n tr a t io n  o f  n u t r i e n t s  In  th e  p la n t  t i s s u e .  
M U trlen t u p ta k e  nay  be a  b e t t e r  c r i t e r i o n  fo r  e v a lu a t in g  t r e a tm e n ts  
th a n  c o n c e n tr a t io n  o f  n u t r i e n t s  In  th e  p la n t  t i s s u e .
T here were m arked d i f f e r e n c e s  In  th e  u p tak e  o f  n a t iv e  s o l i  Fe and
Jto in  th a  r i c e  p l a n t s  a s  a f f e c t e d  by  s o i l  o x id a t io n - r e d u c t io n  c o n d i t io n s
and pH. A t pH 5 .5 ,  a p p ro x im a te ly  f iv e  to  seven  tim e s  more s o i l  Fe was
ta k e n  up by  th e  p la n ta  u n d e r  a n a e ro b ic  c o n d i t io n s  th an  u n d er any o th e r  
s o i l  o x ld a t lo n - r e d u c t io n  and pH c o n d i t io n s .  The h ig h e r  u p ta k e  o f  t h i s  
n u t r i e n t  by  th e  p la n t  was due to  b o th  h ig h e r  c o n c e n tr a t io n s  o f  n a t iv e  
s o i l  Fe I n  th e  p la n t  t i s s u e  and r e l a t i v e l y  h ig h e r  d ry  m a tte r  w e ig h t.
A le u p ta k e  o f  n a t iv e  s o i l  Mn by  th e  p la n t  fo llo w ed  th e  same 
p a t t e r n  a s  th e  c o n c e n t r a t io n  o f  t h i s  n u t r i e n t  in  th e  p la n t  t i s s u e .
The u p ta k e  o f  n a t iv e  s o i l  Mn by th e  p l a n t s  u n d e r a n a e ro b ic  c o n d i t io n s  
was ab o u t fo u r  tim e s  h ig h e r  th a n  u n d er a e ro b ic  c o n d i t io n s  a t  pH 5 .5
and ab o u t f iv e  tim e s  h ig h e r  a t  pH 7 .5 .  The g r e a t e r  u p ta k e  o f  t h i s
n u t r i e n t  was a l s o  due to  b o th  h ig h e r  c o n c e n tr a t io n s  o f  n a t iv e  s o l i  Mi 
i n  th a  p l a n t  t i s s u e  and h ig h e r  d ry  m a tte r  w e ig h t.
I t  i s  i n t e r e s t i n g  t o  n o te  t h a t  th e  two s o i l  pHs had no e f f e c t  on
th e  u p ta k e  o f  b o th  n a t iv e  s o i l  Fe and Mn by th e  p la n t  u n d er a e ro b ic
c o n d i t io n s .  The s l i g h t l y  h ig h e r  n a t iv e  s o l i  Fe u p ta k e  by th e  p la n ts  
u n d e r a n a e ro b ic  c o n d i t io n s  a t  pH 7 .5  was due to  s l i g h t l y  h ig h e r  d ry  
m a tte r  w e ig h t.
The In c re a s e  in  n a t iv e  s o i l  Mn u p tak e  by th e  p la n t s  a s  th e  pH 
in c re a s e d  u n d e r a n a e ro b ic  c o n d i t io n s  was m arked. In  s p i t e  o f  th e  
d e c re a se d  d ry  m a t te r  w e ig h t a s  th e  pH in c r e a s e d ,  h ig h e r  u p ta k e  o f  t h i s  
e lem en t o c c u rre d  a s  a  r e s u l t  o f  h ig h e r  c o n c e n tr a t io n s  o f  n a t iv e  s o i l  
Mi In  th e  p la n t  t i s s u e .
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The e f f e c t  o f  a e ro b ic  end a n a e ro b ic  c o n d i t io n s  on th e  u p ta k e  
( o r  t o t a l  a c t i v i t y )  o f  l a b e l l e d  Fe and Mn b y  th e  r i c e  p l a n t s  a t  con ­
t r o l l e d  pH 5 .5  and pH 7 .5  I s  shown In  F ig u re  10.
The u p ta k e  o f  l a b e l l e d  Fe and Mn by th e  r i c e  p l a n t s  d i f f e r e d  
a p p r e c ia b ly  f o r  d i f f e r e n t  s o i l  o x ld a t lo n - r e d u c t io n  and pH c o n d i t io n s  
and fo llo w e d  th a  san e  p a t t e r n  a s  a l r e a d y  d is c u s s e d  above e x c e p t In  th e  
c a s e  o f  th e  u p ta k e  o f  l a b e l l e d  Mn b y  th e  p la n t  u n d er a n a e ro b ic  c o n d i­
t i o n s  a t  pH 5 .5 .  H ie In c re a s e d  l a b e l l e d  Mn c o n c e n t r a t io n  in  th e  p l a n t s  
f o r  t h i s  t r e a tm e n t  was due t o  In c re a s e d  d ry  m a t te r  w e ig h t.
6 . E f f e c t  o f  A ero b ic  and  A n a e ro b ic  C o n d itio n s  and pH on
R e c o v e r ie s  o f  Added L a b e lle d  Fe and Mn by  th e  R ice  P la n ts
The e f f e c t  o f  a e ro b ic  and a n a e ro b ic  c o n d i t io n s  on th e  r e c o v e r ie s  
o f  added  l a b e l l e d  Fe and Mn b y  th e  r i c e  p l a n t  u n d e r  c o n t r o l l e d  pH 5 .5  
and pH 7 .5  l a  shown In  F ig u re  11.
R ecovery  o f  l a b e l l e d  Fe was a s  h ig h  a s  0.24)1 in  th e  p l a n t s  grown 
u n d e r  a n a e ro b ic  c o n d i t io n s  a t  pH 5 .5  fo llo w e d  by 0 .0 3 ,  0 .0 3 ,  0 .0 3 ,  and 
0.02% in  th e  p l a n t s  grown u n d e r  th e  same c o n d i t io n s  a t  pH 7 .5 ,  and In  
th e  p la n ta  grow n u n d e r  a e ro b ic  c o n d i t io n s  a t  pH 5 .5  and  pH 7 .5  
r e s p e c t i v e l y .  The h ig h e r  r e c o v e ry  p e rc e n ta g e  o f  l a b e l l e d  Fe in  th e  
p l a n t s  grown u n d e r  a n a e ro b ic  c o n d i t io n s  a t  pH 5 .5  th a n  u n d e r  any o th e r  
s o i l  o x ld a t lo n - r e d u c t io n  c o n d i t io n  and pH t r e a tm e n ts  r e f l e c t s  th e  h ig h e r  
c o n c e n t r a t io n  o f  t h i s  l a b e l l e d  e le m en t in  th e  s o i l .
P e rc e n t  r e c o v e ry  o f  l a b e l l e d  Mi in  th e  p l a n t s  was h ig h e r  u n d er 
a n a e ro b ic  th a n  u n d e r  a e r o b ic  c o n d i t io n s  and in c r e a s e d  s l i g h t l y  a s  th e  
pH In c re a s e d  u n d e r  b o th  c o n d i t io n s .  As th e  pH In c re a s e d  from  5 .5  to
7 .5 ,  th e  am ount o f  l a b e l l e d  Mn re c o v e re d  in c r e a s e d  from  0 .6 0  t o  0.74% 
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F ig u re  11. Effect of aerobic and anaerobic conditions on recoveries 
of added labelled Fe and Mn by the rice plants at pH 5.5 
and 7,5.
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conditions. Higher recovery of labelled Fe at low pH than at high pH 
and the lower recovery of labelled Mn at low pH than at high pH in the 
plants grown under both soil conditions again suggest that Mn uptake 
is partially governed by Fe uptake, and Mn uptake is low when Fe 
uptake is high and vice versa.
It is interesting to note, in general, that the recovery of both 
labelled Fe and Mn in the plants for all treatments is less than 1%.
The low recovery percentage of these labelled elements was probably due 
to either dilution of these labelled elements in the soil solution or 
short duration of the experiment. Higher recovery of ^Sin than -*®Fe 
was due to higher requirements of manganese than iron by rice plants. 
High manganese requirement by rice plants have been reported by several 
workers (i.e. Tanaka and Navasero, 1966a).
B. Effect of Aerobic and Anaerobic Conditions and pH on Soil Redox 
Potential and Electrical Conductivity and Uptake of Zn and P by 
Rice in a Flooded Soil
Two laboratory experiments were conducted to determine the effect 
of aerobic and anaerobic conditions and pH on soil redox potential, 
electrical conductivity, vegetative yield, chemical composition, and 
nutrient uptake by rice. Either labelled Zn or P was added and followed 
in these experiments. Soil pH was controlled at pH 5, 6 , 7, and 8 under 
both aerobic and anaerobic conditions. The rice plants were allowed to 
grow under controlled conditions for 2 0 days after transplanting 2 0-day 
old seedlings. The results shown represent averages of the values 
obtained for each treatment from both experiments.
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1. Effect of Aerobic and Anaerobic Conditions and pH on Soil 
Redox Potential
the results obtained from redox potential measurements made in 
the aerobic and anaerobic soil suspensions which had been maintained 
at different pH levels for 20 days after transplanting rice are shown 
in Figure 12.
The Eh values of aerobic and anaerobic soil conditions which were 
controlled at pH 5, 6 , 7, and 8 remained more or less constant during 
the 20 days after transplanting rice. An increase of one unit in pH 
for the aerobic soil resulted in a decrease of approximately 6 6 mv.
This value was close to the value of 59 rav per unit pH change which 
is often used to correct Eh data to pH 7.
Under anaerobic conditions at pH 5, soil biological activity is 
affected by the acidity and soil reduction is not as intense as for 
soil maintained at pH 6 , 7, or 8 . This accounts for the 140 mv 
difference between pH 5 and pH 6 rather than the theoretical 60 mv 
change.
2. Effect of Aerobic and Anaerobic Conditions and pH on the 
Amounts of Acid and Alkali Required to Maintain pH
The total amount of acid or alkali required to control pH of 
aerobic and anaerobic soil conditions to pH 5, 6 , 7, and 8 is shown 
in Figures 13a and 13b.
Under aerobic conditions, the total amount of NaOH required 
steadily Increased as the pH increased (Figure 13a). Little or no 
HCl was required to maintain pH 5 under aerobic conditions. The 
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Figure 12. Effect of aerobic and anaerobic conditions on redox 
potential of the soil maintained at pH 5, 6 , 7, and 
8 after transplanting rice.
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Figure 13. Effect of aerobic (a) and anaerobic (b) conditions on soil 
electrical conductivity and the amounts of acid and alkali 
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Figure 14. Effect of aerobic (a) and anaerobic (b) conditions on soil 
redox potential and total sulfide-sulfur in soil maintained 
at pH 5, 6 , 7, and 8 .
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demonstrated in the increased amount of alkali added to maintain higher 
pH values. Under anaerobic conditions, on the other hand, the sub­
stances produced as a result of soil reduction tended to shift the 
soil pH to values near the neutral point (Redman and Patrick, 1965). 
Obviously either acid or alkali were needed to control pH levels below 
or above this point. As shown in Figure 13b, the amounts of either 
HCl or NaOH steadily increased as pH levels decreased or Increased from 
approximately pH 6.5 which was the pH value of the anaerobic Boil before 
adjustment.
3. Effect of Aerobic and Anaerobic Conditions and pH on Soil 
Electrical Conductivity
Electrical conductivity values of aerobic and anaerobic soil sus­
pensions which were controlled at pH 5, 6 , 7, and 8 are shown in 
Figures 13a and 13b.
Increase in pH levels steadily increased the electrical conduc­
tivity of aerobic soil suspension (Figure 13a). The increase in 
electrical conductivity as the pH Increased was closely related to the 
Increase in the amount of NaOH added. Under anaerobic conditions, 
electrical conductivity steadily increased as pH decreased or increased 
from the near neutral point (Figure 13b). This trend was closely 
related to the amount of acid or alkali added.
4. Effect of Aerobic and Anaerobic Conditions and pH on 
Total Soil Sulfide Content
The effect of aerobic and anaerobic conditions and pH on total 
sulfide content in flooded soils controlled at pH 5, 6 , 7, and 8 is 
shown in Figures 14a and 14b.
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No a u lf l .d e  was d e t e c t e d  u n d e r  a e r o b i c  c o n d i t i o n s  a t  any pH l e v e l s .  
T h is  was due t o  v e r y  h ig h  r e d o x  p o t e n t i a l  o f  s o i l  u n d e r  t h i s  c o n d i t i o n  
( F ig u r e  1 4 a ) .  I t  h a s  b een  r e p o r t e d  b y  C o n n e l l  and P a t r i c k  (1968) t h a t  
l i t t l e  o r  no s u l f i d e  accu m u la ted  w i th  a red o x  p o t e n t i a l  above -150  Wv, 
o r  o u t s i d e  a  pH ra n g e  o f  6 .5  t o  8 . 5 .  Redox p o t e n t i a l  v a lu e s  m easured 
u n d e r  a e r o b i c  c o n d i t i o n s  w ere +635, +575, +501, and +437 mv f o r  pH 
v a lu e s  5 ,  6 , 7 ,  and 8 , r e s p e c t i v e l y .  Under a n a e r o b ic  c o n d i t i o n s ,  on 
t h e  o t h e r  h a n d ,  a p p ro x im a te ly  9 . 8 ,  2 5 .3 ,  and 2 5 .2 ju g /g  o f  t o t a l  
s u l f i d e  was d e t e c t e d  a t  pH 6 , 7 ,  and 8 , r e s p e c t i v e l y .  Ho s u l f i d e  was 
d e t e c t e d  a t  pH 5 . S u l f i d e  was e i t h e r  n o t  p ro d u ced  a t  pH 5 ,  a s  su g ­
g e s t e d  b y  C o n n e l l  and P a t r i c k ,  o r  t h a t  which was p ro d u ced  b u t  e sc a p e d  
a s  H2S u n d e r  t h e  s l i g h t l y  a c id  c o n d i t i o n s .  Redox p o t e n t i a l  v a lu e s  o f  
t h e  s o i l  u n d e r  t h i s  c o n d i t i o n  were -5 5 ,  -1 9 5 ,  -2 4 0 ,  and -279  mv a t  
pH 5 ,  6 , 7 , and 8 , r e s p e c t i v e l y  (F ig u r e  1 4 b ) .
5 .  E f f e c t  o f  A e ro b ic  and A n ae ro b ic  C o n d i t io n s  and pH on 
W eight o f  t h e  R ice  P l a n t s
The e f f e c t  o f  a e r o b ic  and a n a e r o b ic  c o n d i t i o n s  on t h e  d ry  m a t t e r  
w e ig h t  o f  s h o o ts  and r o o t s  and t h e  s h o o t / r o o t  r a t i o  o f  t h e  r i c e  p l a n t s  
grown a t  c o n t r o l l e d  pH 5 ,  6 , 7 ,  and 8 i s  shown In  F ig u r e s  15a and 15b.
Dry m a t t e r  w e ig h t  o f  s h o o ts  o f  t h e  p l a n t s  grown u n d e r  a e r o b ic  
c o n d i t i o n s  s t e a d i l y  d e c re a s e d  a s  s o i l  pH i n c r e a s e d .  The w e ig h t  o f  
s h o o ts  o f  t h e  p l a n t s  grown u n d e r  a n a e r o b ic  c o n d i t i o n s ,  on t h e  o t h e r  
h a n d ,  s t e a d i l y  d e c r e a s e d  a s  th e  pH d e c re a s e d  o r  I n c re a s e d  from pH 6 
(F ig u r e  1 5 a ) .  Y ie ld s  w ere I n v e r s e l y  r e l a t e d  t o  e l e c t r i c a l  c o n d u c t i v i t y .  
A p p a re n t ly  t h e  I n c r e a s e d  s o lu b le  s a l t s  w hich  r e s u l t e d  from  In c re a s e d  
e l e c t r i c a l  c o n d u c t i v i t y  o f  s o l i  c o n t r i b u t e d  t o  d e c re a s e d  grow th  o f  t h e  
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Figure 15. Effect of aerobic and anaerobic conditions on weights of
shoots and roots (a) and the shoot/root ratio (b) of the rice 
plants at pH 5, 6 , 7, and 8 .
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The d i f f e r e n c e  i n  w e ig h t  o f  s h o o ts  be tw een  a e r o b i c  and a n a e r o b ic  
c o n d i t i o n s  a t  pH 5 was m arked. No a p p r e c i a b l e  d i f f e r e n c e  was o b s e rv e d  
above pH 6 . In  c o n t r a s t ,  no a p p r e c i a b l e  d i f f e r e n c e  e x i s t e d  i n  d ry  
m a t t e r  w e ig h t  o f  r o o t s  b e tw een  t h e s e  two re d o x  c o n d i t i o n s  a t  pH 5 , b u t  
th e  d i f f e r e n c e  above pH 6 was m arked. These  r e s u l t s  s u g g e s t  e i t h e r  
th e  b e t t e r  a b i l i t y  o f  r i c e  r o o t s  t o  p r o l i f e r a t e  u n d e r  a n a e r o b ic  c o n d i ­
t i o n s  o r  th e  need  f o r  a more e x t e n s iv e  r o o t  sy s tem . The g r e a t e r  r o o t  
grow th  u n d e r  a n a e r o b ic  c o n d i t i o n s  i s  r e f l e c t e d  i n  th e  s h o o t / r o o t  r a t i o  
(F ig u re  1 5 b ) .
P h y s i o l o g i c a l  d i s o r d e r s  o f  th e  p l a n t s  were o b se rv e d  i n  t h e s e  
e x p e r im e n ts .  P l a n t s  grown u n d e r  a e r o b i c  c o n d i t i o n s  w ere c h l o r o t i c  a t  
a l l  pH l e v e l s .  P l a n t s  grown u n d e r  a n a e r o b ic  c o n d i t i o n s  were norm al 
a t  pH 6 and 7 w hich  c o r re s p o n d e d  t o  r e d o x  p o t e n t i a l  v a lu e s  o f  -194 
and -240 mv. O u ts id e  t h i s  pH r a n g e ,  p l a n t s  showed t o x i c i t y  symptoms 
t y p i c a l  o f  i r o n  t o x i c i t y  (T anaka  and N av ase ro ,  1966c; Ponnamperuma, 
B r a d f i e l d ,  and P eech ,  1955) a t  pH 5 ( -5 5  mv) and t y p i c a l  o f  t o x i c a n t  
d i s e a s e  a p p a r e n t l y  c au sed  by s o l u b l e  s u l f i d e  ( H o l l i s ,  1967) a t  pH S 
( -2 8 9  mv). P h o to s  1 and 2 i l l u s t r a t e  t h e  g row th  p e rfo rm a n c e  o f  th e  
p l a n t s  grown u n d e r  t h e s e  s o i l  o x i d a t i o n - r e d u c t i o n  and pH c o n d i t i o n s .
6 . Effect of Aerobic and Anaerobic Conditions and pH on 
Concentrations of Nonlabelled and Labelled Zn and P In 
the Rice Plants
The e f f e c t  o f  a e r o b i c  and a n a e r o b ic  c o n d i t i o n s  on th e  c o n c e n t r a ­
t i o n s  o f  n o n l a b e l l e d  and s p e c i f i c  a c t i v i t y  o f  l a b e l l e d  Zn and P in  th e  
p l a n t  t i s s u e  grown a t  pH 5 , 6 , 7 , and 8 i s  shown i n  F ig u re s  16a, 16b, 
17a, and 17b.
P h o to  1
I■■■B
Growth p e r fo rm a n c e  o f  th e  r i c e  p l a n t s  u n d e r  a e r o b ic  
( o x id i z e d )  c o n d i t i o n s  a t  d i f f e r e n t  c o n t r o l l e d  pH l e v e l
P h o to  2 . Growth p e r fo rm a n c e  o f  t h e  r i c e  p l a n t s  u n d er  a n a e ro b ic  





O 4 0 0
\
F ig u re  16. E f f e c t  o f  a e r o b i c  and a n a e r o b ic  c o n d i t i o n s  on c o n c e n t r a t i o n  
o f  n a t i v e  Zn ( a )  and on  s p e c i f i c  a c t i v i t y  o f  *̂-*Zn (b) in  
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E f f e c t  o f  a e r o b i c  and a n a e r o b ic  c o n d i t i o n s  on c o n c e n t r a t i o n  
o f  n a t i v e  and added n o n l a b e l l e d  P ( a )  and on s p e c i f i c  
a c t i v i t y  o f  added ^2P (b )  in  t h e  r i c e  p l a n t s  a t  pH 5 , 6 ,
7 ,  and 8 .
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As shown i n  F ig u re  16a, b o th  s o i l  o x i d a t i o n - r e d u c t i o n  c o n d i t i o n s  
and  pH had marked e f f e c t s  on c o n c e n t r a t i o n  o f  n a t i v e  Zn in  t h e  p l a n t  
t i s s u e .  P l a n t s  w hich w ere grown u n d er  a e r o b i c  c o n d i t i o n s  had  h i g h e r  
Zn c o n t e n t  th a n  p l a n t s  w hich were grown u n d e r  a n a e r o b ic  c o n d i t i o n s .
The Zn c o n t e n t  in  t h e  p l a n t s  grown u n d e r  b o th  c o n d i t i o n s  p r o g r e s s i v e l y  
d e c r e a s e d  a s  pH I n c r e a s e d .  There  was a  s h a rp  d e c r e a s e  i n  Zn c o n t e n t  in  
t h e  p l a n t s  w hich  w ere grown u n d e r  a e r o b ic  c o n d i t i o n s  a t  pH 7 t o  8 r a n g e .  
C o n s e q u e n t ly ,  a t  pH 8 , Zn c o n t e n t  i n  t h e  p l a n t s  grown u n d e r  b o th  s o i l  
c o n d i t i o n s  showed o n ly  a  s l i g h t  d i f f e r e n c e  as  compared t o  any  o t h e r  pH 
l e v e l .
Lower Zn c o n t e n t  i n  t h e  p l a n t s  grown u n d e r  a n a e r o b ic  c o n d i t i o n s  
a s  compared t o  Zn c o n t e n t  i n  t h e  p l a n t s  grown u n d e r  a e r o b ic  c o n d i t i o n s  
was a p p a r e n t l y  due t o  th e  fo rm a t io n  o f  s u l f i d e  and p o s s i b l y  p r o d u c t io n  
o f  o r g a n ic  com plex ing  a g e n t s  b ro u g h t  on by s o i l  r e d u c t i o n  u n d e r  a n a e r o ­
b i c  c o n d i t i o n s  (F ig u re  1 4 b ) .  I t  h a s  been  r e p o r t e d  t h a t  s o i l  r e d u c t i o n  
d e p r e s s e d  th e  c o n c e n t r a t i o n  o f  Zn in  th e  s o l u t i o n s  o f  f lo o d e d  s o i l s  
and  Zn u p ta k e  by r i c e  p l a n t s  (IR R I, 1 9 7 0 ) .
A p o s s i b l e  e x p l a n a t i o n  f o r  t h e  d e c r e a s e d  Zn c o n te n t  i n  t h e  p l a n t s  
grown u n d e r  b o th  s o i l  c o n d i t i o n s  a s  pH i n c r e a s e d  i s  t h a t  s o l u b i l i t y  and 
s t a b i l i t y  o f  Zn a r e  pH d e p e n d e n t  w i th  h ig h  s o l u b i l i t y  a t  low pH and 
low s o l u b i l i t y  a t  h ig h  pH. D ata  shown by V erloo  (1974) i n d i c a t e d  a  
s h a rp  d ro p  o f  s o l u b i l i t y  and s t a b i l i t y  o f  Zn and Zn hum ate as  pH 
i n c r e a s e d  above a p p ro x im a te ly  pH 6 . F u r t h e r ,  i t  h a s  b een  r e p o r t e d  
t h a t  s o l u b i l i t y  and a v a i l a b i l i t y  o f  Zn to  r i c e  p l a n t s  and u p la n d  c ro p s  
a r e  d e p r e s s e d  by h ig h  pH (IR R I, 1970; S e d b e r ry  e£  a l . , 1971).
F ig u re  16b d e p i c t s  th e  e f f e c t  o f  s o i l  o x l d a t l o n - r e d u c t i o n  c o n d i ­
t i o n s  and pH on c o n c e n t r a t i o n  o f  l a b e l l e d  Zn in  th e  p l a n t  t i s s u e .
C a r r i e r - f r e e  ZnCl-2 ta g g e d  w i th  ^ Z n  was added t o  a e r o b ic  and a n a e r o b ic  
s o i l  s u s p e n s io n s  a t  tim e o f  t r a n s p l a n t i n g .  C o n c e n t r a t io n  o f  l a b e l l e d  
Zn in  t h e  p l a n t  t i s s u e  was r e p o r t e d  a s  s p e c i f i c  a c t i v i t y  o f  6^Zn £n 
m ic r o c u r i e  p e r  gram o f  p l a n t  t i s s u e .  Almost i d e n t i c a l  r e l a t i o n s h i p s  
be tw een  a b s o r p t i o n  o f  Zn by p l a n t s  and s o i l  pH -redox c o n d i t i o n s  were 
o b ta in e d  when ^ Z n  a c t i v i t y  was c o n s id e re d  i n s t e a d  o f  n a t i v e  Zn c o n ­
c e n t r a t i o n  in  t h e  p l a n t  t i s s u e .  These  r e s u l t s  s u g g e s t  a u n i fo rm ly
65labelling of native Zn with Zn in the soil solution.
D ata  in  F ig u re  17a show th e  e f f e c t  o f  s o i l  o x l d a t l o n - r e d u c t i o n  
c o n d i t i o n s  and pH on c o n c e n t r a t i o n  o f  ?  i n  th e  p l a n t  t i s s u e .  Each 
c o n t a i n e r  r e c e i v e d  an i n i t i a l  a p p l i c a t i o n  o f  200 ;ug/g o f  P added a t  
t r a n s p l a n t i n g  t im e .  The c o n c e n t r a t i o n  o f  P i n  th e  p l a n t  t i s s u e  o f  
a e r o b ic  and a n a e r o b ic  t r e a t m e n t s  d id  n o t  d i f f e r  a p p r e c i a b l y .  T h is  may 
be due t o  th e  p l a n t s  h a v in g  a c c e s s  t o  a  r e l a t i v e l y  l a r g e  amount o f  P 
in  s o i l  s o l u t i o n  u n d er  b o th  c o n d i t i o n s .  The d a ta  shown by P a t r i c k  and 
K h a lid  (1974) i n d i c a t e d  an e q u a l  amount o f  P was r e l e a s e d  in  s o l u t i o n  
a f t e r  ad d in g  a p p ro x im a te ly  200 jug/g o f  P t o  o x id iz e d  and re d u c e d  s u s ­
p e n s io n s  o f  Mhoon s o i l .  In  g e n e r a l ,  low land  r i c e  shows c o n s id e r a b l y  
l e s s  r e s p o n s e  t o  P th a n  do u p lan d  c ro p s  grown on th e  same s o i l .  R e s u l t s  
from  many e x p e r im e n ts  have shown t h a t  r e sp o n s e  t o  added P was s i m i l a r  
f o r  r i c e  grown u n d e r  f lo o d e d  and n o n f lo o d e d  s o i l s .
A marked e f f e c t  o f  s o i l  pH on t h e  P c o n c e n t r a t i o n s  i n  t h e  p l a n t  
t i s s u e  f o r  b o th  s o i l  r e d o x  c o n d i t i o n s  was o b s e rv e d .  C o n c e n t r a t io n  o f  
P i n  th e  p l a n t  t i s s u e  c o n s i s t e n t l y  d e c r e a s e d  w i th  each  s te p w is e  i n c r e a s e  
o f  pH and was a p p ro x im a te ly  tw ic e  a s  much a t  pH 5 a s  a t  pH 8 f o r  b o th  
s o i l  r e d o x  c o n d i t i o n s .  As pH i n c r e a s e d ,  P in  s o i l  s o l u t i o n  may have 
b een  p r e c i p i t a t e d  as  f e r r i c  p h o sp h a te  u n d er  a e r o b ic  c o n d i t i o n s  and as
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f e r r o u s  p h o s p h a te  u n d e r  a n a e r o b ic  c o n d i t i o n s .  W il l ia m s  and P a t r i c k  
(1973) found  t h a t  f e r r i c  p h o s p h a te  s o l u b i l i t y  i n c r e a s e d  m ark ed ly  a t  
low pH and f e r r o u s  p h o sp h a te  p r e c i p i t a t i o n  f a v o re d  s t r e n g l t e  f o rm a t io n  
a t  h ig h  pH.
The d a t a  i l l u s t r a t e d  i n  F ig u re  17b show t h e  e f f e c t  o f  a e r o b ic  and
32a n a e r o b ic  c o n d i t i o n s  and pH on s p e c i f i c  a c t i v i t y  o f  P in  th e  p l a n t
32t i s s u e .  In  t h i s  e x p e r im e n t ,  c a r r i e r - f r e e  H^ PO^ was u n i fo rm ly  d i s ­
s o lv e d  i n  sodium  p h o sp h a te  s o l u t i o n  t o  a t t a i n  e q u i l i b r i u m  c o n d i t i o n s  
p r i o r  t o  a d d in g  t o  v a r i o u s  s o i l  r e d o x  c o n d l t lo n -p H  t r e a t m e n t s  a t  t r a n s ­
p l a n t i n g  t im e .  R e l a t i v e l y  s i m i l a r  t r e n d s  were o b se rv e d  w i th  th e  
s p e c i f i c  a c t i v i t y  o f  l a b e l l e d  P in  th e  p l a n t  t i s s u e  (F ig u re  17b) a s  
w i th  t h e  c o n c e n t r a t i o n  o f  P i n  t h e  p l a n t  t i s s u e  (F ig u r e  1 7 a ) .  These 
r e s u l t s  i n d i c a t e d  an a t t a i n m e n t  o f  e q u i l i b r i u m  c o n d i t i o n s  be tw een  ~^P 
and P i n  t h e  s o i l  s o l u t i o n .
T is s u e  a n a l y s i s  d a t a  f o r  Fe , Mn, Zn, and P c o n t e n t s  i n  th e  above 
g round  p o r t i o n  o f  t h e  r i c e  p l a n t s  a r e  t a b u l a t e d  i n  T a b le  3. A c lo s e  
e x a m in a t io n  o f  P c o n te n t  i n  t h i s  d a t a  r e v e a l e d  a  s l i g h t l y  h i g h e r  P 
c o n te n t  In  th e  p l a n t  t i s s u e  grown u n d e r  a n a e r o b ic  c o n d i t i o n s  a t  pH S 
and 8 a s  compared t o  a e r o b i c  c o n d i t i o n s  a t  th e  same pH l e v e l s .  S o i l  P 
r e l e a s e d  as  a  co n seq u en ce  o f  f e r r i c  p h o sp h a te  r e d u c t i o n  t o  more s o lu b le  
f e r r o u s  p h o sp h a te  u n d e r  r e d u c in g  c o n d i t i o n s ,  as  r e p o r t e d  by W ill ia m s  
and P a t r i c k  (1973) n u s t  be r e s p o n s i b l e  f o r  th e  s l i g h t l y  h ig h e r  P c o n te n t  
i n  th e  p l a n t s  grown u n d e r  a n a e r o b ic  th a n  a e r o b ic  c o n d i t i o n s .  I f  t h i s  
i s  th e  c a s e ,  a n a e r o b ic  s o i l  sh o u ld  have h i g h e r  amounts o f  P i n  s o i l  
s o l u t i o n  th a n  sh o u ld  a e r o b i c  s o i l .  T h e r e f o r e ,  th e  r e m a rk a b le  low er 
amount o f  Zn c o n c e n t r a t i o n  i n  th e  p l a n t s  grown u n d er  a n a e r o b ic  c o n d i t i o n s  
th a n  u n d e r  a e r o b ic  c o n d i t i o n s  as  o b se rv e d  m ight be p a r t l y  due t o  h ig h e r
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T ab le  3 .  E f f e c t  o f  a e r o b i c  and a n a e r o b ic  c o n d i t i o n s  and pH on
n u t r i e n t  c o n t e n t s  i n  th e  to p  p o r t i o n  o f  th e  r i c e  p l a n t s .
PH
Dry M a t te r  W t.-^  
o f  S hoo ts
(g>
N u t r i e n t C o n te n ts  ( u k / r )
Zn Fe Mn P
AEROBIC
5 3 .1 4 83 111 420 7360
6 2 .6 4 75 145 136 7010
7 2 .5 4 70 154 137 5780
8 1 .95 32 129 109 4460
ANAEROBIC
5 2 .0 6 50 2025 361 8110
6 2 .8 0 35 1131 358 6360
7 2 .68 31 266 568 5790
8 1 .9 2 19 193 402 5060
CK 0 .7 8 35 125 80 4500
CK - TVenty 2 0 -d a y -o ld  r i c e s e e d l i n g s  used  a t t r a n s p l a n t i n g .
1 /D ry  m a t t e r  w e ig h t  o f  s h o o ts  o f  tw en ty  p l a n t s
Vi a  a  f-
in  a c o n t a i n e r ( p o t )  a t
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am ounts o f  s o i l  P i n  t h e  s o l u t i o n  u n d e r  t h e  fo rm er  th a n  u n d e r  t h e  
l a t t e r  c o n d i t i o n s .  P - in d u c e d  Zn d e f i c i e n c y  i n  o t h e r  c ro p s  have  been  
r e p o r t e d  (Lucas  and Knezek, 1 9 7 2 ) .  S im i l a r  phenomena h a s  been  
r e p o r t e d  i n  t h e  r i c e  p l a n t s  grown in  th e  f i e l d  c o n d i t i o n s  ( M u e l l e r ,
1970),  IRRI (1970) l i k e w i s e  r e p o r t e d  t h e  r e s u l t s  o b ta in e d  from g r e e n ­
h o u se  t h a t  a s  th e  a v a i l a b l e  P c o n te n t  o f  th e  s o i l  i n c r e a s e d , t h e  Zn 
c o n te n t  o f  t h e  s t r a w  d e c r e a s e d  and t h a t  th e  I n t e r a c t i o n  be tw een  a v a i l ­
a b le  P and pH I n f lu e n c e d  th e  Zn c o n t e n t  o f  th e  s t r a w .  However, th e  Zn 
c o n te n t  i n  th e  r i c e  p l a n t  grown u n d e r  a n a e r o b ic  c o n d i t i o n s  were low b u t  
were above t h e  c r i t i c a l  c o n te n t  o f  Zn i n  th e  r i c e  p l a n t  o f  10 ppm f o r  
Zn d e f i c i e n c y  as  r e p o r t e d  by I s h i z u k a  (1 9 7 1 ) .
Fe c o n te n t  i n  th e  p l a n t s  grown u n d e r  a e r o b ic  c o n d i t i o n s  was 
e s p e c i a l l y  low a s  compared t o  t h a t  in  t h e  p l a n t s  grown u n d e r  a n a e r o b ic  
c o n d i t i o n s .  The low Fe c o n te n t  In  th e  r i c e  p l a n t s  le a d  t o  c h l o r o t i c  
symptoms t y p i c a l  o f  Fe d e f i c i e n c y  a s  o b se rv e d  In  t h e  young l e a v e s  a 
few d ay s  a f t e r  t r a n s p l a n t i n g  r i c e .  There  seemed t o  have no pH e f f e c t  
on th e  Fe c o n te n t  in  th e  p l a n t s  grown u n d er  a e r o b ic  c o n d i t i o n s .  Under 
a n a e r o b ic  c o n d i t i o n s ,  on th e  o t h e r  hand , p l a n t s  grown a t  low pH, pH 5 
and 6 , had Fe c o n te n t  much h i g h e r  th a n  th e  t o x i c  l e v e l s .  I t  a p p e a r s  
t h a t  th e  r i c e  p l a n t s  d id  re sp o n d  t o  i n c r e a s e d  s o l u b i l i t y  o f  Fe a s  a 
r e s u l t  o f  s o i l  r e d u c t i o n  i n t e n s i t y  and pH l e v e l s .  B ro n z in g ,  a  t y p i c a l  
i r o n  t o x i c i t y  symptom a s  o b se rv e d  in  t h e  p l a n t s  grown u n d e r  t h e s e  
t r e a t m e n t s  was a p p a r e n t l y  caused  by h ig h  i r o n  c o n t e n t s  in  th e  p l a n t  
t i s s u e .
Mn c o n te n t  i n  th e  p l a n t s  grown u n d e r  a e r o b ic  c o n d i t i o n s  was v e ry  
low e x c e p t  a t  pH 5 where th e  c o n te n t  was e q u a l l y  h ig h  a s  compared to  
th e  Mn c o n te n t  i n  th e  p l a n t  grown u n d e r  a n a e ro b ic  c o n d i t i o n s .  A p p a re n t ly
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e i t h e r  s o i l  a c i d i t y  o r  Fe c o n te n t  i n  t h e  p l a n t s  o r  b o th  v a r i a b l e s  must 
have r e g u l a t e d  t h e  a b s o r p t i o n  o f  Mn by t h e  r i c e  p l a n t s .  The Fe and 
Mn c o n t e n t s  i n  t h e  r i c e  p l a n t s  grown u n d e r  t h e s e  s o i l  o x i d a t i o n -  
r e d u c t l o n  c o n d i t i o n s  and pH t r e a t m e n t s  showed s i m i l a r  p a t t e r n s  a s  had 
been  shown i n  t h e  p r e v io u s  s tu d y  on Fe and Mn u t i l i z a t i o n s  by th e  r i c e  
p l a n t s .  The c o n te n t  o f  Fe, Mn, and Zn in  t h e  p l a n t  t i s s u e  gave no 
i n d i c a t i o n  t h a t  Fe o r  Mn i n t e r f e r r e d  w i th  th e  a b s o r p t i o n  o f  Zn, T h is  
r e s u l t  a g r e e s  w i th  th e  f i n d i n g s  o f  IRRI (1 9 7 0 ) .
7 . E f f e c t  o f  A ero b ic  and A n ae ro b ic  C o n d i t io n s  and pH on U ptake 
o f  N o n la b e l le d  and L a b e l le d  Zn and P by  th e  R ice P l a n t s
The e f f e c t  o f  a e r o b i c  and a n a e r o b ic  c o n d i t i o n s  on t h e  u p ta k e  o f  
n o n la b e l l e d  and on th e  t o t a l  a c t i v i t y  o f  l a b e l l e d  Zn and P by th e  
p l a n t s  grown a t  pH 5, 6 , 7 ,  and 8 i s  shown i n  F ig u re  18a, 18b, 19a , 
and 19b.
U ptake o f  Zn by th e  p l a n t s  was m ark ed ly  a f f e c t e d  by  s o i l  o x l d a t l o n -  
r e d u c t i o n  c o n d i t i o n s  and pH as  shown in  F ig u re  18a . The h i g h e r  Zn u p ta k e  
by th e  p l a n t s  grown u n d e r  a e r o b i c  c o n d i t i o n s  was due t o  a  h i g h e r  c o n c e n ­
t r a t i o n  o f  Zn i n  t h e  p l a n t  t i s s u e .  The g r e a t e r  d i f f e r e n c e  i n  Zn u p ta k e  
o f  th e  p l a n t s  grown betw een th e  two s o i l  red o x  c o n d i t i o n s  a t  pH 5 was 
due t o  g r e a t e r  d i f f e r e n c e s  In  b o th  th e  c o n c e n t r a t i o n s  o f  Zn i n  t h e  
p l a n t  t i s s u e  and th e  d ry  m a t t e r  w e ig h t .  However, th e  d i f f e r e n c e  i n  Zn 
u p ta k e  o f  t h e  p l a n t s  grown betw een  th e  two s o i l  red o x  c o n d i t i o n s  a t  
h i g h e r  pH l e v e l s  was due t o  d i f f e r e n c e s  i n  c o n c e n t r a t i o n s  o f  Zn i n  t h e  
p l a n t  t i s s u e  a lo n e  a s  t h e  d ry  m a t t e r  w e ig h t  o f  t h e  p l a n t s  f o r  t h e  two 
s o i l  r e d o x  c o n d i t i o n s  d id  n o t  d i f f e r  a p p r e c i a b l y .  Under b o th  s o i l  
c o n d i t i o n s ,  th e  u p ta k e  o f  Zn by th e  p l a n t s  c o n s i s t e n t l y  d e c r e a s e d  as  
pH I n c r e a s e d .  The d e c r e a s e d  u p ta k e  o f  Zn by th e  p l a n t s  a s  pH in c r e a s e d
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F ig u re  18. E f f e c t  o f  a e r o b i c  and a n a e r o b ic  c o n d i t i o n s  on t h e  u p ta k e  
o f  n a t i v e  Zn ( a )  and on t o t a l  a c t i v i t y  o f  added ®5Zn (b )  























F ig u re  19. E f f e c t  o f  a e r o b ic  and a n a e ro b ic  c o n d i t i o n s  on t h e  u p ta k e  
o f  n a t i v e  and added n o n la b e l l e d  P ( a )  and on t o t a l  
a c t i v i t y  o f  added 2P (b )  by th e  r i c e  p l a n t s  a t  pH 5 ,  6 , 
7, and 8 .
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was due t o  d e c r e a s e d  c o n c e n t r a t i o n  o f  Zn In  t h e  p l a n t  t i s s u e  and 
d e c r e a s e d  d ry  m a t t e r  w e ig h t .
D ata  in  F ig u re  18b i l l u s t r a t e  th e  e f f e c t  o f  s o i l  o x l d a t l o n -  
r e d u c t i o n  c o n d i t i o n s  and pH on th e  u p ta k e  o f  l a b e l l e d  Zn by th e  p l a n t s .  
U ptake o f  l a b e l l e d  Zn by  th e  p l a n t s  was r e p o r t e d  a s  t o t a l  a c t i v i t y  o f  
^ Z n  i n  m ic r o c u r ie  p e r  d ry  m a t t e r  w e ig h t  o f  sh o o t  In  a p o t .  An i d e n t i ­
c a l  r e l a t i o n s h i p  was o b ta in e d  be tw een  s p e c i f i c  a c t i v i t y  and t o t a l  
65activity of Zn in the plants. The greater difference in total 
6 5a c t i v i t y  o f  Zn i n  t h e  p l a n t s  grown u n d e r  a e r o b ic  and a n a e ro b ic  
c o n d i t i o n s  a t  pH 5 was due t o  g r e a t e r  d i f f e r e n c e s  i n  s p e c i f i c  a c t i v i t y  
o f  6 ^Zn in  th e  p l a n t  t i s s u e  and d ry  m a t t e r  w e ig h t .  S l i g h t  d i f f e r e n c e s  
i n  t o t a l  a c t i v i t y  o f  ^ Z n  was o b se rv e d  a s  pH ap p ro ach ed  pH 8 s in c e  t h e r e  
was no a p p r e c i a b l e  d i f f e r e n c e  in  s p e c i f i c  a c t i v i t y  o f  *^Zn i n  th e  p l a n t  
t i s s u e  and no a p p r e c i a b l e  d i f f e r e n c e  i n  d ry  m a t t e r  w e ig h t .
D ata  i l l u s t r a t e d  i n  F ig u re  19a show th e  e f f e c t  o f  s o i l  o x l d a t l o n -  
r e d u c t i o n  c o n d i t i o n s  and pH on th e  u p ta k e  o f  P by th e  p l a n t s .  The 
u p ta k e  o f  P by th e  p l a n t s  grown u n d e r  a e r o b ic  and a n a e r o b ic  c o n d i t i o n s  
d id  n o t  d i f f e r  a p p r e c i a b l y  e x c e p t  i n  t h e  c a s e  o f  t h e  p l a n t s  grown under  
t h e s e  re d o x  c o n d i t i o n s  a t  pH 5 . The d i f f e r e n c e s  i n  P u p ta k e  by th e  
p l a n t s  grown u n d e r  t h e s e  t r e a t m e n t s  w ere due t o  d i f f e r e n c e s  i n  d ry  
m a t t e r  w e ig h t  a s  w e l l  a s  c o n c e n t r a t i o n  o f P i n  t h e  p l a n t  t i s s u e .  A 
s te p w is e  i n c r e a s e  i n  s o i l  pH from 5 t o  8 r e s u l t e d  i n  an e s s e n t i a l  
d e c r e a s e  i n  P u p ta k e  by th e  p l a n t s  grown u n d e r  b o th  s o i l  r e d o x  c o n d i ­
t i o n s .  The d e c r e a s e d  P u p ta k e  by  th e  p l a n t s  a s  pH in c r e a s e d  was due 
t o  d e c r e a s e d  P c o n c e n t r a t i o n  i n  t h e  p l a n t  t i s s u e  and d e c re a s e d  d ry  
m a t t e r  w e ig h t .
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The e f f e c t  o f  s o i l  o x l d a t lo n - r e d u c t io n .  c o n d i t i o n s  and pH on th e
32
u p ta k e  o f  P by  th e  p l a n t s  i s  shown i n  F ig u re  19b. The u p ta k e  o f  P
12I s  reported as total activity of P per dry matter weight of shoots In
a p o t .  R e l a t i v e l y  i d e n t i c a l  t r e n d s  were o b ta in e d  w i th  t h e  t o t a l  u p ta k e
32 32o f  P by  th e  p l a n t s  (F ig u re  19b) as  w i th  th e  c o n c e n t r a t i o n  o f  P in
the plant tissue (Figure 1 7 a ) .
8 . E f f e c t  o f  A e ro b ic  and A n ae ro b ic  C o n d i t io n s  and pH on
Recoveries of Added Labelled Zn and P by the Rice Plants
The e f f e c t  o f  a e r o b ic  and a n a e r o b ic  c o n d i t i o n s  on r e c o v e ry  o f
65 32Zn. and P, by the rice plants maintained at pH 5 t 6 , 7, and 8 i s  
shown in Figures 20a and 20b.
D ata  in  F ig u re  20a show th e  e f f e c t  o f  s o i l  o x l d a t l o n - r e d u c t i o n  
c o n d i t i o n s  and pH on p e r c e n t  r e c o v e ry  o f  *^Zn th e  p l a n t s .  S o i l  
o x l d a t l o n - r e d u c t i o n  c o n d i t i o n s  and pH had a marked e f f e c t  on th e  
r e c o v e r y .  From t h e  i n i t i a l l y  added 50 ju C i /p o t  o f  ^ Z n ,  a f t e r  a p p ro ­
p r i a t e  c o r r e c t i o n  f o r  h a l f - l i f e  d i s i n t e g r a t i o n  was made, a s  much a s  
6 .0 ,  6 . 0 ,  4 . 6 ,  and 0.6% found i t s  way t o  th e  s h o o ts  o f  th e  p l a n t s  
grown u n d e r  a e r o b ic  c o n d i t i o n s  a t  pH 5 ,  6 , 7 , and 8 , r e s p e c t i v e l y .
In contrast, only 1 .1 ,  1 .3 ,  1 .0 ,  and 0.3% were recovered in the plants
grown u n d e r  a n a e r o b ic  c o n d i t i o n s  a t  pH 5 ,  6 , 7, and 8 , r e s p e c t i v e l y .
65Higher recovery percentage of Zn in the plants grown under aerobic 
conditions was due to higher total activity of *^Zn in the plants as 
compared with under anaerobic conditions.
The d a t a  d i s p l a y e d  in  F ig u re  20b show th e  e f f e c t  o f  s o i l  o x i d a t i o n  
r e d u c t i o n  c o n d i t i o n s  and pH on p e r c e n t  r e c o v e re d  o f  ^2p ^he p l a n t s .
Almost identical relationships between utilization of P by plants and











Figure 20. Effect of aerobic and anaerobic conditions on recoveries 
of added (a) and 32p (b) by the rice plants at pH 5,
6, 7 , and 8.
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32was c o n s id e re d  I n s t e a d  o f  t o t a l  a c t i v i t y  o f  P. The i n i t i a l  amount
o f  40 ^ iC i /p o t  o f  P was added . A f t e r  n e c e s s a r y  c o r r e c t i o n  f o r  h a l f -
32l i f e  d i s i n t e g r a t i o n  was made, 1 8 .8 ,  1 1 .5 ,  9 . 4 ,  and 2.6% o f  added P 
was r e c o v e re d  in  t h e  p l a n t s  grown u n d e r  a e r o b ic  c o n d i t i o n s  In  c o m p a r i­
son w i th  6 . 8 , 1 0 .6 ,  6 . 7 ,  and 2.9% re c o v e re d  u n d e r  a n a e ro b ic  c o n d i t i o n s
a t  pH 5 , 6 , 7 , and 8 , r e s p e c t i v e l y .  The d i f f e r e n c e  o f  a p p ro x im a te ly
3213.0% o f  added P r e c o v e re d  in  th e  p l a n t s  grown u n d er  a e r o b ic  and 
a n a e r o b ic  c o n d i t i o n s  a t  pH 5 was due t o  th e  d i f f e r e n c e  in  t o t a l  
a c t i v i t y  o f  t h i s  l a b e l l e d  e lem en t in  th e  p l a n t s .
C. E f f e c t  o f  A e ro b ic  and A n ae ro b ic  C o n d i t io n s  and pH on S o i l  Redox 
P o t e n t i a l .  E l e c t r i c a l  C o n d u c t iv i ty ,  Growth, and R e c o v e r ie s  o f  
Added L a b e l le d  Amnonium-N and N i t r a t e - N  R ice  i n  a F looded S o i l  
T h is  e x p e r im e n t  c o n s i s t e d  o f  a  c o m p a ra t iv e  s tu d y  o f  n i t r o g e n  
u t i l i z a t i o n  by r i c e  from a p p l i e d  ammonium s u l  f a t e - - ^ N  and sodium 
n i t r a t e - ^ N  grown u n d e r  two o x l d a t l o n - r e d u c t i o n  c o n d i t i o n s ,  each  co n ­
d i t i o n  b e in g  m a in ta in e d  a t  pH 4 . 5 ,  6 . 0 ,  and 7 .5  in  f lo o d e d  s o i l  su sp e n ­
s i o n s .  A n i t r i f i c a t i o n  i n h i b i t o r  was added t o  p r e v e n t  b i o l o g i c a l l y  
o x i d a t i o n  o f  ammonium u n d e r  a e r o b i c  s o i l  c o n d i t i o n s  in  o r d e r  t o  e f f e c ­
t i v e l y  s tu d y  t h e  u t i l i z a t i o n  o f  ammonium n i t r o g e n  a s  compared w i th  
n i t r a t e  n i t r o g e n  by r i c e  u n d er  a e r o b ic  c o n d i t i o n s .
1. E f f e c t  o f  A ero b ic  and A n ae ro b ic  C o n d i t io n s  and pH on S o i l  
Redox P o t e n t i a l
The e f f e c t  o f  a e r o b ic  and a n a e r o b ic  c o n d i t i o n s  m a in ta in e d  a t  pH
4 . 5 ,  6 . 0 ,  and 7 .5  on re d o x  p o t e n t i a l  o f  th e  s o i l  d u r in g  th e  14 days  
a f t e r  t r a n s p l a n t i n g  r i c e  i s  shown in  F ig u re  21. The r e s u l t s  shown f o r  
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21. E f fe c t  o f  ae rob ic  and anaerob ic  c o n d i t io n s  on redox p o t e n t i a l  o f  the  
s o i l  m ain ta ined  a t  pH 4 .5 ,  6 .0 ,  and 7 .5  a f t e r  t r a n s p la n t in g  r i c e .
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15m easured  from t r e a t m eats  o f  a p p lied  N - la b e lle d  ammonium s u l f a t e  and
15H -la b e lle d  sodium n i t r a t e .  The r e s u l t s  shown under a n a e r o b ic -c o n d i­
t io n s  r e p r e se n t  th e  p o t e n t ia l  v a lu e s  measured from trea tm en ts  o f  
a p p lie d  ^ N - la b e l le d  ammonium s u l f a t e  a lon e  b ecause ^ N - la b e l le d  sodium  
v l t r a t e  was n o t a p p lie d  under t h i s  s o i l  c o n d it io n .
E ig h t  days  a f t e r  t h e  b e g in n in g  o f  s o i l  i n c u b a t i o n  and b e f o r e  d i f ­
f e r e n t  pH l e v e l s  w ere c o n t r o l l e d ,  t h e  a v e ra g e  re d o x  p o t e n t i a l  v a lu e  was 
4698 mv a t  pH 5 .2  f o r  a e r o b i c  s o i l  and +184 mv a t  pH 5 .7  f o r  a n a e r o b ic  
s o i l .
As I n d i c a t e d  b y  r e d o x  p o t e n t i a l  v a lu e  m easured  a t  th e  end  o f  s o i l  
i n c u b a t i o n ,  t h e  s o i l  u n d e r  a n a e r o b ic  c o n d i t i o n s  was n o t  s u f f i c i e n t l y  
r e d u c e d .  A t an e q u a l  l e n g t h  o f  i n c u b a t io n  p e r i o d ,  a n a e r o b ic  s o i l  con­
d i t i o n s  o b t a in e d  from  p r e v io u s  e x p e r im e n ts  showed much lo w er  re d o x  
p o t e n t i a l  v a l u e s .  A p o s s i b l e  e x p l a n a t i o n  f o r  th e  s o i l  f a i l i n g  t o  be  
s u f f i c i e n t l y  re d u c e d  i s  t h a t  i n  t h e  p r e s e n t  e x p e r im e n t  t h e  s o i l  was 
in c u b a te d  a e r o b i c a l l y  f o r  9 d ay s  p r i o r  t o  b e in g  a n a e r o b i c a l l y  in c u b a te d  
f o r  8  d a y s .  The o r g a n ic  m a t t e r  which was a n  e n e rg y  s o u rc e  f o r  s o i l  
m ic ro o rg a n ism s  was p a r t i a l l y  o x i d i s e d .  As a  r e s u l t ,  p ro b a b ly  v e ry  
l i t t l e  o r g a n ic  m a t t e r  rem a in ed  f o r  o b l i g a t e  a n a e r o b ic  b a c t e r i a  t o  u se  
a s  an e n e rg y  so u rc e  f o r  s o i l  r e d u c t i o n .
The re d o x  p o t e n t i a l  v a lu e s  o f  a e r o b ic  c o n d i t i o n s  w hich  were co n ­
t r o l l e d  a t  pH 4 . 5 ,  6 . 0 ,  and 7 .5  w ere more o r  l e a s  c o n s t a n t  above 300 am 
d u r in g  t h e  14 d ay s  a f t e r  t r a n s p l a n t i n g  r i c e .  An I n c r e a s e  o f  one u n i t  
An pH o v e r  e x p e r im e n ta l  r a n g e s  u n d e r  a e r o b ic  c o n d i t i o n s  r e s u l t e d  i n  a  
d e c r e a s e  I n  re d o x  p o t e n t i a l  o f  a p p ro x im a te ly  70 mv. Under a n a e r o b ic  
c o n d i t i o n s ,  on th e  o t h e r  h an d , red o x  p o t e n t i a l  a t  pH 4 .5  was g r e a t l y  
a f f e c t e d  b y  a c i d i t y  a s  i n d i c a t e d  by  a l a r g e  p o s i t i v e  re d o x  p o t e n t i a l
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v a l u e  o f  +225 mv. Redox p o t e n t i a l  a t  pH 6 . 0  was n o t  c o n s t a n t ,  f tie  
r e d o x  p o t e n t i a l  v a lu e s  g r a d u a l l y  i n c r e a s e d  d u r in g  th e  l a s t  7 days  
a f t e r  t r a n s p l a n t i n g  r i c e .
An e x p l a n a t i o n  f o r  th e  I n c r e a s e  i n  re d o x  p o t e n t i a l  d u r in g  th e  
e x p e r im e n ta l  p e r io d  f o r  th e  a n a e r o b ic  s o i l  c o n d i t i o n s  c o n t r o l l e d  to  
pH 6 .0  was deduced  by  th e  b e t t e r  g ro w th  o f  r i c e  u n d er  t h i s  t r e a t m e n t .  
B e t t e r  g ro w th  o f  r i c e  i n d i c a t e d  b e t t e r  o x i d i z i n g  power o f  th e  r o o t s  
w hich  a l lo w e d  I n c r e a s e d  oxygen d i f f u s i o n  i n t o  th e  s o i l .  T h is  i s  i n d i ­
c a t e d  by  an I n c r e a s e  in  re d o x  p o t e n t i a l  o f  th e  s o i l  s u s p e n s io n  in  
t h i s  t r e a t m e n t  d u r in g  th e  l a s t  7 days  a f t e r  t r a n s p l a n t i n g  r i c e .  Such 
an I n c r e a s e  i n  re d o x  p o t e n t i a l  d u r in g  th e  e x p e r im e n ta l  p e r io d  was n o t  
o b s e rv e d  i n  o t h e r  e x p e r im e n ts  in  w hich  y o u n g er  ( 2 0 - o r  2 5 - d a y -o ld )  r i c e  
s e e d l in g s  were u s e d .  T h i r t y - d a y - o l d  r i c e  s e e d l in g s  were u sed  i n  t h i s  
e x p e r im e n t .
T here  was a p p r e c i a b l e  s o i l  r e d u c t i o n  i n  th e  t r e a t m e n t  under  
a n a e r o b ic  c o n d i t i o n s  c o n t r o l l e d  a t  pH 7 .5 .  Redox p o t e n t i a l  v a lu e s  
g r a d u a l l y  d e c re a s e d  from a p p r o x im a te ly  a  c o n s t a n t  v a lu e  o f  -120  mv 
d u r in g  t h e  f i r s t  f o u r  d ay s  a f t e r  t r a n s p l a n t i n g  t o  an  ap p ro x im a te  
v a lu e  o f  -280  mv to w a rd s  t h e  end o f  t h e  e x p e r im e n t .  D uring th e  f i r s t  
f o u r  days  a f t e r  t r a n s p l a n t i n g  r i c e  t h e  o x i d a t i v e  power o f  t h e  r i c e  r o o t s  
was p r o b a b ly  s t i l l  a c t i v e  enough t o  s t a b i l i z e  th e  re d o x  p o t e n t i a l  t o  a  
r e l a t i v e l y  h ig h  v a l u e .  An i n t e n s e  s o i l  r e d u c t i o n  s e t  i n ,  red u ced  su b ­
s t a n c e s  p rod u ced  a s  a co n sequence  o f  r e d u c in g  c o n d i t i o n s  may have been  
t o x i c  t o  th e  r o o t  and d e s t r o y e d  th e  o x i d a t i v e  power o f  th e  r o o t s .  T h is  
i s  i n d i c a t e d  by a  d e c r e a s e  in  re d o x  p o t e n t i a l  o f  th e  s o l i  s u s p e n s io n  i n  
t h i s  t r e a t m e n t  d u r in g  th e  l a s t  10 d ay s  a f t e r  t r a n s p l a n t i n g .
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At th e  c o n c lu s io n  o f  t h e  e x p e r im e n t ,  e x a m in a t io n  o f  r i c e  r o o t s  
r e v e a l e d  t h a t  t h e  r o o t s  o f  r i c e  p l a n t s  grown u n d e r  a n a e r o b ic  c o n d i t i o n s  
w ere w h i te  w i th  a  s l i g h t l y  o ra n g ish -b ro w n  c o a t in g  a t  pH 4 .5  and a t  
pH 6 .0 .  The r o o t s  were b la c k e n e d  and a p p a r e n t l y  u n h e a l th y  a t  pH 7 .5 .
The s o i l  u n d e r  a n a e ro b ic  c o n d i t i o n s  a t  pH 7 .5  s m e lle d  s t r o n g l y  o f  H2S. 
The r o o t s  o f  th e  p l a n t s  grown u n d e r  a e r o b ic  c o n d i t i o n s  a t  a l l  pH l e v e l s  
were c re a m ls h -w h i te  and a p p a r e n t l y  h e a l t h y .
Young l e a v e s  o f  t h e  p l a n t s  grown u n d e r  a e r o b ic  c o n d i t i o n s  were 
c h l o r o t i c  a t  a l l  pH l e v e l s .  R ice  grown u n d e r  a n a e r o b ic  c o n d i t i o n s  
were n o rm a l.
2. E f f e c t  o f  A ero b ic  and A n aero b ic  C o n d i t io n s  and pH on th e  
Amounts o f  Acid and A l k a l i  R eq u ired  t o  M a in ta in  pH
The t o t a l  amounts o f  a c id  o r  a l k a l i  r e q u i r e d  t o  m a in ta in  pH l e v e l s  
o f  a e r o b ic  and a n a e r o b ic  s o i l  c o n d i t i o n s  a t  pH 4 . 5 ,  6 . 0 ,  and 7 .5  a r e  
shown in  F ig u re s  22a and 22b.
As shovm i n  F ig u re  22a, b o th  a c id  and a l k a l i  were r e q u i r e d  to
m a in ta in  pH v a lu e s  a t  4 .5  u n d e r  a e r o b ic  s o i l  c o n d i t i o n s .  Acid was o n ly  
r e q u i r e d  t o  b r in g  th e  i n i t i a l  pH o f  a e r o b ic  s o i l  from pH 5 .2  t o  pH 4 .5  
d u r in g  th e  f i r s t  few days a f t e r  t r a n s p l a n t i n g .  The amount o f  a l k a l i  
added t o  a e r o b ic  s o i l  t o  m a in t a in  pH 4 .5  was r e q u i r e d  o n ly  a few days
a f t e r  t h i s  s o i l  pH l e v e l  was m a in ta in e d  by a c i d .  The amount o f  a c id
added was d e c r e a s e d  w h i le  th e  amount o f  a l k a l i  was I n c re a s e d  a s  pH 
l e v e l s  o f  s o i l  t o  be m a in ta in e d  in c r e a s e d .  A d d i t io n s  o f  ammonium 
s u l f a t e  o r  sodium  n i t r a t e  t o  th e  a e r o b ic  s o i l  s u s p e n s io n  a t  tim e o f  
t r a n s p l a n t i n g  r i c e  r e s u l t e d  in  a s l i g h t  d i f f e r e n c e  in  th e  amounts o f  





























Figure 22, E f f e c t  of ae ro b ic  (a )  and anaerob ic  (b) co n d i t io n s  on s o i l  e l e c t r i c a l  c o n d u c t iv i ty  






















The aerobic soil suspension receiving ammonium sulfate required 
1.28, 0.16, and 0 meq of acid per 1 0 0 grains of soil as compared with 
1.84, 0.32, and 0,40 meq when sodium nitrate was added to maintain pH
4.5, 6.0, and 7.5, respectively. On the other hand, the aerobic soil 
suspension receiving ammonium sulfate required 1.44, 3.92, and 10.88 
meq of alkali per 100 grams of soil as compared with 1.12, 4.00, and 
9*44 meq when sodium nitrate was added to maintain pH 4.5, 6.0, and
7.5, respectively. Lower amounts of acid or higher amounts of alkali 
added to ammonium sulfate treated soil was attributed to acidity pro­
duced by plants uptake of NhJ-N and by the acid production due to soil 
oxidation. Rapid uptake of ammonium by plants decreased the pH of the 
medium and rapid uptake of nitrate increased it. This phenomenon has 
also been observed in water culture by many workers (Tanaka, Fatnaik, 
and Abichandani, 1959; Karim and Vlamis, 1962),
The amounts of acid and alkali required to maintain different pH 
levels under anaerobic conditions are shown in Figure 22b. Only 
ammonium sulfate was added as a source of nitrogen for the rice plants 
grown under anaerobic conditions. However, similar patterns were 
observed in the amounts of acid and alkali required to maintain differ­
ent pH levels under anaerobic conditions as was the case under aerobic 
conditions. There are at least two reasons which can explain these 
identical patterns: (1) the initial pH values of the aerobic and
anaerobic soil suspensions did not differ appreciably, (2) active rice 
roots which were transferring oxygen into the soil suspensions retarded 
the decrease In redox potential of anaerobic suspension thus retarding 
the Increase in soil pH. In general, soil reduction tended to Increase 
the pH and soil oxidation tended to decrease it. Thus, the overall
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changes In soil reactions under aerobic and anaerobic conditions were 
probably the same. Therefore, the amounts of acid and alkali required 
to maintain different pH levels under the two soil oxidation-reduction 
conditions were almost identical.
3. Effect of Aerobic and Anaerobic Conditions and pH on Soil 
Electrical Conductivity
The effect of aerobic and anaerobic conditions on electrical con­
ductivity of soil maintained at pH 4.5, 6.0, and 7.5 is shown in 
Figures 22a and 22b.
Figure 22a shows the electrical conductivity measured under 
aerobic conditions. The changes in electrical conductivity values 
were closely related to the changes in the amounts of acid or alkali 
added. As the amounts of acid or alkali added to maintain soil pH 
levels increased, the electrical conductivity values of the aerobic 
soil suspension also increased. The electrical conductivity values 
were slightly different between ammonium sulfate treated soils and 
sodium nitrate treated soils, being lower with amonium sulfate 
treated soils at low pH levels and higher at high pH levels. This 
occurred due to lower amounts of acid added to ammonium sulfate treated 
soil at low pH levels (pH 4.5 and 6.0) and higher amounts of alkali 
added to ammonium sulfate treated soil at pH 7.5 as compared with 
sodium nitrate treated soil.
The effect of anaerobic conditions and pH on electrical conduc­
tivity is shown in Figure 22b. Almost Identical relationships between 
electrical conductivity and pH levels were obtained between aerobic 
and anaerobic soil conditions as shown in Figures 22a and 22b, respec­
tively. These results indicated that soil reaction rather than soil
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oxidation-reductlon conditions caused an Increase or a decrease in 
electrical conductivity.
4. Effect of Aerobic and Anaerobic Conditions and pH and 
Nitrogen Source on Dry Matter Weight of the Rice Plants
The effect of aerobic and anaerobic soil conditions, pH levels, 
and nitrogen sources on dry matter weight of the plant is shown in 
Figures 23a, 23b, and 23c. The data illustrated in these figures also 
show the ratio of the above ground portion of the plant (shoot) and 
underground portion of the plant (root).
In general, aerobic and anaerobic soil conditions, pH levels, and 
nitrogen sources influenced the dry matter weight of the plant.
Dry matter weight of the plant was higher with antmonium sulfate- 
treated aerobic and anaerobic soils (Figures 23a and 23c) than with 
sodium nitrate-treated aerobic soil (Figure 23b) when comparison was 
made at the corresponding pH levels. No difference in dry matter 
weight of the plant was observed between ammonium sulfate-treated 
aerobic and anaerobic soil conditions except at pH 4.5, where a sharp 
decrease in dry matter weight of the plant was obtained under anaerobic 
conditions.
In all cases, the plants grew best at pH 6.0 as indicated by 
greatest dry matter weight of the plant than when grown at lower or 
higher pH levels. The greatest dry matter weight of the plant grown 
under these conditions at pH 6.0 might be due to lesser amounts of 
soluble salts in the soil solution as indicated by lower electrical 
conductivity value of the soil solution. Higher amounts of soluble 
salts in the soil solution at two extreme pH levels may be one of the 
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Figure 23. Effect of aerobic (a, b) and anaerobic (c) conditions and nitrogen source on dry 
matter weights of shoots and roots and shoot/root ratio of the rice plants at 
pH 4.5, 6.0, and 7.5.
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electrical conductivity value of solution exceeding 4 mmhoe/cm could 
be injurious to rice plants (IRRI, 1967). However, the electrical 
conductivity values obtained from the soil solutions under the two 
extremely controlled pH levels in this study were slightly lower than 
the value reported by IRRI. It appears that both electrical conduc­
tivity and soil pH, partially at least, regulate the growth of the plant.
The effect of nitrogen sources on the growth of the plant under 
aerobic conditions is noteworthy. When sodium nitrate waB used as a 
source of nitrogen, dry matter weight of the plants was smaller than 
when ammonium sulfate was used as a source of nitrogen for rice. The 
smaller dry matter weight of the plant grown under sodium nitrate than 
those grown under ammonium sulfate-treated aerobic soil conditions was 
partially due to higher electrical conductivity values of the former 
condition than the latter condition. Elsewhere, the inferiority of 
nitrate nitrogen to ammonium nitrogen in nutrition of rice grown in 
water culture solution at an early growth stage has been reported 
(Tanaka, Patnalk, and Abichandani, 1959; Karim and Vlamis, 1962).
Ammonium s u l f a t e - ^ N  u n d e r  a n a e r o b ic  s o i l  c o n d i t i o n s  a s  a so u rc e  
o f  n i t r o g e n  f o r  r i c e  behaved  s i m i l a r l y  in  i n c r e a s i n g  d ry  m a t t e r  w e ig h t  
o f  t h e  p l a n t  a s  when added t o  a e r o b i c  s o i l .
Large amounts of added ammonium sulfate under aimnonium sulfate- 
treated aerobic soil conditions were still in the ammonium form of 
nitrogen. This is Indicated by the results of soil analysis for this 
treatment at the conclusion of the experiment as is shown in Table 4. 
These results suggested that N-serve added was effective in preventing 
ammonium oxidation. An important feature of this study was that if 
nitrogen was maintained in the anmonlum form, aerobic and anaerobic
4-Table 4. Distribution of NH^-N and NO3-N in the soil applied with nitrification inhibitor as 





15 Na N03 (
Anaerobic
;15nh4 )2so4
pH 4.5 pH 6.0 pH 7.5 pH 4.5 pH 6.0 pH 7.5 pH 4.5 pH 6.0 pH 7.5
jig/ml -
NhJ-N 17.05 15,01 22.04 4.11 2.70 4.09 18.53 1 0 .8 8 12.63
N0 3-N 2.29 2.28 2.23 36.49 29.24 40.44 0.23 0.23 0.23
Total Soil 
Inorganic 
N 19.34 17.29 22.27 40.60 31.94 44.53 18.76 11.11 1 2 .8 6
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s o i l  c o n d i t i o n s  were e q u a l l y  e f f e c t i v e  in  i n c r e a s i n g  d ry  m a t t e r  w e ig h t  
o f  t h e  p l a n t .  I f  t h i s  i s  t h e  c a s e ,  use  o f  n i t r i f i c a t i o n  i n h i b i t o r  and 
ammonium f e r t i l i z e r  may be o f  s i g n i f i c a n t  v a lu e  i n  I n c r e a s i n g  y i e l d s  
o f  u p lan d  r i c e .
However, if ammonium nitrogen was not maintained, anaerobic con­
ditions were more effective in increasing the dry weight of the plants 
than aerobic conditions. This latter conclusion is supported by the 
work of Senewiratne and Mikkelsen (1961) who found that flooded con­
ditions consistently produced better vegetative growth and higher 
grain yields of rice than did nonflooded culture. The advantage of 
anaerobic conditions was attributed to large release of Fe, Mn, and F 
in soils required for the growth of rice plants.
Sharp decrease in the dry matter weight of the plants under 
anaerobic conditions at pH 4.5 might be due to an adverse effect caused 
by high acidity and absorption of relatively greater amounts of soluble 
salts including ferrous iron and ammonium ions, and their accumulations 
might have exerted toxic effects which will be discussed in the follow­
ing section.
The s h o o t / r o o t  r a t i o  o f  th e  p l a n t  grown u n d e r  a l l  e x p e r im e n ta l  
s o i l  c o n d i t i o n s  s t e a d i l y  d e c re a s e d  as  pH l e v e l s  i n c r e a s e d .  Sharp 
d e c r e a s e  in  s h o o t / r o o t  r a t i o  o f  th e  p l a n t  grown u n d er  ammonium s u l f a t e -  
t r e a t e d  a n a e r o b ic  c o n d i t i o n s  was due t o  i n c r e a s e  i n  w e ig h t  o f  t h e  r o o t  
a s  pH l e v e l s  i n c r e a s e d .  D ec reased  d ry  m a t t e r  w e ig h t  o f  t h e  r o o t s  a t  
low pH l e v e l s  was p ro b a b ly  due t o  r o o t  I n j u r y  ca u se d  by  h ig h  a c i d i t y  
o f  th e  medium.
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5. Effect of Aerobic and Anaerobic Conditions and pH on 
Recoveries of Added Labelled Ammonlum-N and Nitrate-N 
by the Rice Plants 
The effect of aerobic and anaerobic soil conditions, pH levels, 
and nitrogen sources on percent recovery of labelled N in the plant is 
shown in Figures 24a, 24b, and 24c. The data illustrated in these 
figures also show percent recovery of labelled N in soil organic and 
soil inorganic fractions as affected by these experimental conditions.
Recovery of fertilizer nitrogen from anvnonium sulfate-treated 
aerobic soil was greatly affected by soil pH as shown in Figure 24a. 
There was a sharp decrease in the percent recovered of labelled N In 
the plant grown under ammonium sulfate-treated aerobic soil conditions 
as the pH levels increased from 4.5 to 6.0 to 7.5. These results show 
a plant recovery of applied labelled N of 74, 64, and 517., respectively. 
Approximately the same magnitude of labelled N was recovered in the 
plant grown under ammonium sulfate-treated anaerobic soil conditions 
as shown in Figure 24c,
Recovery of fertilizer nitrogen applied as sodium nitrate under 
aerobic conditions, on the other hand, was slightly affected by soil 
pH. Figure 24b shows a slight decrease in the percent recovery of 
labelled N in the plant as soil pH level increases. These results 
show a recovery of applied labelled N of 65, 65, and 637. in the plant 
for pH 4.5, 6.0, and 7.5, respectively.
In all cases, however, recovery of applied labelled N in the plant 
decreased as recovery of labelled N in the soil organic fraction 
increased. Increased pH levels may be more favorable to nitrogen immo­
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Figure 2k , Effect of aerobic (a, b) and anaerobic (c) conditions on recoveries of added labelled 
ammonium-N and nitrate-N by the soil and plants at pH 4.5, 6.0, and 7.5.
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l a b e l l e d  N r e c o v e re d  i n  th e  p l a n t .  I n c r e a s e  in  pH l e v e l s  from 4 .5  t o
7 .5  r e s u l t e d  in  an  i n c r e a s e  o f  a p p r o x im a te ly  20 t o  30% r e c o v e ry  o f
l a b e l l e d  N i n t o  s o i l  o r g a n ic  p o o l  a t  a l l  e x p e r im e n ta l  c o n d i t i o n s .
I t  i s  I n t e r e s t i n g  t o  n o te  t h a t  a  r e l a t i v e l y  h ig h  p e r c e n t  o f  
l a b e l l e d  N r e c o v e re d  in  th e  p l a n t s  was o b se rv e d  i n  t h i s  e x p e r im e n t  a s
compared w i th  t h e  r e s u l t s  o b se rv e d  e l s e w h e re ,  b o th  i n  t h e  g re e n h o u se
and in  t h e  f i e l d  (IAEA, 1970; P a t r i c k ,  DeLaune, and P e t e r s o n ,  1974).
The low r e c o v e ry  o f  a p p l i e d  f e r t i l i z e r  n i t r o g e n  by r i c e  p l a n t s  grown 
i n  w a te r lo g g e d  c o n d i t i o n s  was o f t e n  a t t r i b u t e d  t o  N l o s s e s  th ro u g h  
n i t r i f i c a t i o n  and su b se q u e n t  d e n i t r i f i c a t i o n  p r o c e s s e s .  Ifre l o s s  o f  
a p p l i e d  n i t r o g e n  i n  th e  s o i l  sy s tem  in  th e  p r e s e n t  s tu d y  i s  u n l i k e l y  
b e c a u se  th e  s o i l s  a r e  u n i fo rm ly  m a in ta in e d  u nder  co m p le te  a e r o b ic  and 
c o m p le te  a n a e r o b ic  c o n d i t i o n s .  Tusneem and P a t r i c k  (1971) r e p o r t e d  
c o n s id e r a b l e  amounts o f  a p p l i e d  f e r t i l i z e r  N was l o s t  u n d er  w a te r lo g g e d  
c o n d i t i o n s ,  i n  c o n t r a s t  t o  no l o s s  u n d er  optimum m o is tu r e  and c o m p le te ly  
a n a e r o b ic  c o n d i t i o n s .
The s i g n i f i c a n t  c o n c lu s io n s  from t h i s  s tu d y  may be summarized as 
fo l lo w s :  1) r i c e  p l a n t s  grew  b e s t  a t  pH v a lu e s  around  6 . 0 ;  2) a e r o b ic
and a n a e r o b ic  s o i l  c o n d i t i o n s  were e q u a l l y  e f f e c t i v e  in  I n c r e a s i n g  d ry  
m a t t e r  w e ig h t  o f  th e  p l a n t  when n i t r o g e n  was p r e s e n t  i n  t h e  ammonium 
form ; 3) when ammonium n i t r o g e n  was n o t  m a in ta in e d ,  a e r o b ic  c o n d i t i o n s  
were i n f e r i o r  t o  a n a e r o b ic  c o n d i t i o n s ;  4 )  u t i l i z a t i o n  o f  a p p l i e d  
f e r t i l i z e r  n i t r o g e n  was h ig h  a t  low pH and low a t  h ig h  pH; and 5) e q u a l l y  
h ig h  amounts o f  a p p l i e d  l a b e l l e d  N was r e c o v e re d  in  th e  p l a n t s  u n d e r  
a e r o b ic  and a n a e r o b ic  c o n d i t i o n s  where no l o s s e s  o f  a p p l i e d  n i t r o g e n  
o c c u r r e d .
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D. E f f e c t  o f  A ero b ic  and A n aero b ic  C o n d i t io n s  and  pH on Sn-M R»Hnv 
P o t e n t i a l .  E l e c t r i c a l  C o n d u c t iv i ty ,  Growth and R e c o v e r ie s  o f  
Added L a b e l le d  Ammonium*N and Urea-N by R ice  In  a F looded  S o i l  
A l a b o r a t o r y  e x p e r im e n t  c o n s i s t e d  o f  a  c o m p a ra t iv e  s tu d y  o f  
th e  r e c o v e ry  o f  two n i t r o g e n  s o u r c e s ,  ammonium s u l f a t e  and u r e a  by 
t h e  r i c e  p l a n t s  grown u n d e r  two s o i l  o x i d a t l o n - r e d u c t l o n  c o n d i t i o n s .  
Each s o i l  c o n d i t i o n  was m a in ta in e d  a t  pH 5 .5  and 7 .5 .  No n i t r i f i c a t i o n  
i n h i b i t o r  was added in  t h i s  e x p e r im e n t .  T w e n ty - f iv e - d a y - o ld  r i c e  
s e e d l i n g s  w ere u se d  f o r  t r a n s p l a n t i n g .  The p l a n t s  w ere a l lo w ed  t o  grow 
f o r  an  a d d i t i o n a l  14 days  u n d e r  e x p e r i m e n t a l ly  c o n t r o l l e d  c o n d i t i o n s .  
T r a c e r  t e c h n iq u e s  in v o lv in g  t h e  s t a b l e  i s o t o p e  o f  n i t r o g e n ,  ^ N ,  were 
employed t o  d e te rm in e  t h e  r e c o v e ry  o f  b o th  a p p l i e d  n i t r o g e n  s o u rc e s  
i n  t h e  p l a n t s  and i n  th e  s o i l  i n o r g a n ic  and o r g a n ic  n i t r o g e n  f r a c t i o n s .  
I n  a d d i t i o n  t o  d e te r m in in g  n i t r o g e n  r e c o v e r y ,  th e  amounts o f  a c id  and 
a l k a l i  added t o  m a in ta in  s o i l  pH, s o i l  r e d o x  p o t e n t i a l ,  e l e c t r i c a l  
c o n d u c t i v i t y  o f  s o i l  s o l u t i o n s ,  and v e g e t a t i v e  g row th  o f  t h e  r i c e  p l a n t  
were d e te rm in e d .  S o i l  s o l u t i o n s  were t a k e n  p e r i o d i c a l l y  t o  d e te rm in e  
th e  amounts o f  NH^-N and NO3-N re m a in in g  a s  a r e s u l t  o f  u r e a  h y d r o l y s i s ,  
ammonium o x i d a t i o n ,  and p l a n t  u p ta k e .  The r e s u l t s  o b ta in e d  were d i s ­
c u s se d  in  th e  f o l lo w in g  s e c t i o n s .
1 .  E f f e c t  o f  A ero b ic  and A n a e ro b ic  C o n d i t io n s  and pH on 
S o i l  Redox P o t e n t i a l
The re d o x  p o t e n t i a l  v a lu e s  m easured  u n d e r  a e r o b i c  and a n a e r o b ic  
s o i l  c o n d i t i o n s  a t  pH 5 .5  and 7 .5  d u r in g  th e  14 days a f t e r  t r a n s p l a n t i n g  
a r e  shown i n  F ig u re  25.
The Eh v a lu e s  f o r  a e r o b ic  and a n a e ro b ic  t r e a t m e n t s  m a in ta in e d  a t  
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F ig u re  25. E f f e c t  o f  a e r o b ic  and a n a e r o b ic  c o n d i t i o n s  on redox  
p o t e n t i a l  o f  th e  s o i l  m a in ta in e d  a t  pH 5 .5  and 7 .5 .
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t r a n s p l a n t i n g .  The d a l l y  a v e ra g e  Eh v a lu e s  u n d e r  a e r o b ic  c o n d i t i o n s  
were +608 and +480 mv; u n d er  a n a e r o b ic  c o n d i t i o n s ,  -106 and -243 mv 
f o r  th e  two pH l e v e l s ,  r e s p e c t i v e l y .  A s te p w is e  I n c r e a s e  in  one pH 
u n i t  r e s u l t e d  In  a  d e c r e a s e  o f  64 mv and 68 mv u n d er  a e r o b i c  and 
a n a e r o b ic  s o i l  c o n d i t i o n s  r e s p e c t i v e l y .  The m agnitude  o f  Eh v a lu e s  
o f  a e r o b ic  and a n a e r o b ic  s o i l s  found in  t h i s  s tu d y  w ere s i m i l a r  t o  th e  
one found i n  th e  p r e v io u s  s tu d y ,  where th e  same pH l e v e l s  were 
m a in ta in e d .
2. E f f e c t  o f  A e ro b ic  and A naerob ic  C o n d i t io n s .  pH L evel and 
N i t ro g e n  Source  on t h e  Amounts o f  Acid and A l k a l i  Added
The e f f e c t  o f  a e r o b ic  and a n a e ro b ic  c o n d i t i o n s ,  pH l e v e l ,  and 
n i t r o g e n  s o u rc e  on th e  amounts o f  a c id  and a l k a l i  added i s  shown in  
F ig u re s  26a and 26b.
I n  g e n e r a l ,  s o i l  o x i d a t i o n - r e d u c t l o n  c o n d i t i o n s ,  pH l e v e l s ,  and 
n i t r o g e n  s o u rc e s  had a marked e f f e c t  on th e  amounts o f  a c id  and a l k a l i  
added t o  m a in ta in  s o i l  pH v a lu e s  o f  3 .5  and 7 .5 .
Ammonium s u l f a t e - t r e a t e d  s o i l  r e q u i r e d  h i g h e r  amounts o f  NaOH b u t  
low er  amounts o f  HCl t o  m a in ta in  i t s  s o i l  pH l e v e l  th a n  d id  u r e a - t r e a t e d  
s o i l  r e g a r d l e s s  o f  s o i l  o x i d a t i o n - r e d u c t l o n  c o n d i t i o n s  and pH l e v e l s .
The d a t a  showed a p p ro x im a te ly  2 meq o f  NaOH p e r  100 g s o i l  h ig h e r  were 
r e q u i r e d  t o  m a in ta in  s o i l  pH l e v e l  a t  7 .5  f o r  ammonium s u l f a t e - t r e a t e d  
s o i l  th a n  f o r  u r e a - t r e a t e d  s o i l .  In  c o n t r a s t ,  u r e a - t r e a t e d  s o i l  
r e q u i r e d  a p p ro x im a te ly  2 meq o f  HCl p e r  100 g s o i l  h ig h e r  t o  m a in ta in  
s o i l  pH l e v e l  a t  5 .5  th a n  d id  ammonium s u l f a t e - t r e a t e d  s o i l .
An e x p la n a t io n  f o r  h i g h e r  r e q u i re m e n t  o f  NaOH and lo w er  r e q u i r e ­
ment o f  HCl f o r  ammonium s u l f a t e - t r e a t e d  s o i l  th a n  f o r  u r e a - t r e a t e d  
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E f f e c t  o f  a e r o b ic  and a n a e r o b ic  c o n d i t i o n s  and n i t r o g e n  
so u rc e  on th e  amounts o f  a c i d  ( a )  and a l k a l i  (b )  r e q u i r e d  
t o  m a in ta in  pH and on th e  e l e c t r i c a l  c o n d u c t i v i t y  ( c )  o f  
th e  s o i l  m a in ta in e d  a t  pH 5 .5  and 7 .5 .
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two f e r t i l i z e r s  when added t o  s o i l .  W ith  ammonium s u l f a t e  added , th e  
s o i l  pH d e c r e a s e d ,  and w i th  u r e a  added , I t  I n c r e a s e d .  F o llo w in g  th e  
I n i t i a l  i n c r e a s e  caused  by th e  h y d r o ly s i s  o f  u re a  th e  pH f e l l  a s  
ammonium was o x id iz e d  t o  n i t r i c  a c id  (A le x a n d e r ,  1 9 6 1 ) .  The a c id  
e f f e c t  o f  u r e a  h y d r o l y s i s  was c o n s id e r a b le  a l th o u g h  n o t  as  much as  
ammonium s u l f a t e .  For 20 pounds o f  N s u p p l i e d  by th e  f e r t i l i z e r ,  t h e  
amount o f  CaC<>3 r e q u i r e d  t o  n e u t r a l i z e  t h e  a c i d i t y  p rod u ced  was 107 
pounds f o r  ammonium s u l f a t e  and 36 pounds f o r  u r e a  (Buckman and Brady, 
1960).
No HCl was r e q u i r e d  t o  m a in ta in  th e  s o i l  pH l e v e l s  a t  7 .5  r e g a r d ­
l e s s  o f  s o i l  o x i d a t i o n - r e d u c t l o n  c o n d i t i o n s  and n i t r o g e n  s o u r c e s .  In  
c o n t r a s t ,  l a r g e  amounts o f  HCl were r e q u i r e d  t o  m a in ta in  th e  s o i l  pH 
l e v e l  a t  7 .5  b u t  no NaOH was r e q u i r e d  t o  m a in ta in  th e  s o i l  pH l e v e l  a t
5 .5  e x c e p t  f o r  t h e  s o i l  u n d e r  a e r o b ic  c o n d i t i o n s  where sm all  amounts o f  
NaOH was e s s e n t i a l  t o  m a in ta in  th e  s o i l  pH l e v e l  a t  5 .5 .  Small amounts 
o f  a l k a l i  r e q u i r e d  by a e r o b ic  s o i l  c o n d i t i o n s  t o  m a in ta in  i t s  pH l e v e l  
a t  5 .5  may be due t o  two r e a s o n s :  1) b i o l o g i c a l l y  s o i l  o x i d a t i o n
te n d e d  t o  d e c r e a s e  s o i l  pH below  th e  i n i t i a l  s e t  v a lu e  o f  5 .5 ,  and
2 ) a p p l i c a t i o n  o f  a c id  p ro d u c in g  f e r t i l i z e r  such as  ammonium s u l f a t e  
a l s o  d e c r e a s e d  th e  s o i l  pH below  th e  s e t  v a lu e .
A no ther  im p o r ta n t  f e a t u r e  o f  m a in ta in in g  pH l e v e l s  u n d er  v a r io u s  
s o i l  o x i d a t i o n - r e d u c t l o n  c o n d i t i o n s ,  r e g a r d l e s s  o f  n i t r o g e n  s o u rc e s  
a p p l i e d ,  i s  t h a t  l a r g e  amounts o f  a c id  were r e q u i r e d  t o  m a in ta in  pH
5 .5  o f  a n a e r o b ic  s o i l  a s  compared w i th  l i t t l e  o r  no a c id  b e in g  r e q u i r e d  
t o  m a in ta in  th e  same pH l e v e l  u n d er  a e r o b ic  c o n d i t i o n s .  T h is  o b s e rv a ­
t i o n  i s  in  c l o s e  a c c o rd a n c e  w i th  th e  f i n d i n g s  i n  th e  p r e v io u s  Fe and Mn
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s tu d y  where a  l a r g e  amount o f  Fe'*"*' was r e l e a s e d  w i th  l a r g e  am ounts o f  
a c id  added u n d e r  a n a e r o b ic  c o n d i t i o n s  a t  pH 5 .5 .
3. E f f e c t  o f  A e ro b ic  and A n ae ro b ic  C o n d i t i o n s .  pH L e v e l ,  and 
N i t ro g e n  Source  on S o i l  E l e c t r i c a l  C o n d u c t iv i ty
The effect of the various redox potential, nitrogen source and 
pH treatments on electrical conductivity of soli suspensions Is shown 
in Figure 26c.
S o i l  o x i d a t i o n - r e d u c t l o n  c o n d i t i o n s ,  pH l e v e l s ,  and n i t r o g e n  
s o u rc e s  a p p l i e d  had a  marked e f f e c t  on e l e c t r i c a l  c o n d u c t i v i t y  o f  s o l i  
s u s p e n s io n s .  The g r e a t e r  th e  amounts o f  a c id  o r  a l k a l i  added , th e  
h i g h e r  t h e  e l e c t r i c a l  c o n d u c t i v i t y  v a lu e s  o f  th e  s o i l  s u s p e n s io n .  At 
pH 5 .5  a p p ro x im a te ly  tw ic e  a s  h ig h  an e l e c t r i c a l  c o n d u c t i v i t y  v a lu e  
was r e c o r d e d  u n d e r  a n a e r o b ic  c o n d i t i o n s  a s  compared t o  t h a t  r e c o rd e d  
u n d e r  a e r o b ic  s o i l  c o n d i t i o n s ,  r e g a r d l e s s  o f  n i t r o g e n  s o u r c e s .  As 
a l r e a d y  d i s c u s s e d  i n  th e  p r e v io u s  s e c t i o n ,  th e  a c id  e f f e c t  o f  u r e a  was 
c o n s id e r a b l e  b u t  n o t  a s  much as  ammonium s u l f a t e .  U r e a - t r e a t e d  s o i l  
r e q u i r e d  8 .5  meq/100 g o f  HCl w h i le  ammonium s u l f a t e - t r e a t e d  s o i l  
r e q u i r e d  o n ly  6 .0  m eq/100 g o f  HCl t o  m a in ta in  pH 5 .5  u n d er  a n a e r o b ic  
c o n d i t i o n s .  There  was an ap p ro x im a te  d i f f e r e n c e  o f  2 meq/100 g HCl 
betw een th e  two t r e a t m e n t s .  In  s p i t e  o f  t h i s  d i f f e r e n c e ,  t h e r e  a p p e a re d  
t o  be no d i f f e r e n c e  i n  t h e  e l e c t r i c a l  c o n d u c t i v i t y  v a l u e s  be tw een  
ammonium s u l f a t e - t r e a t e d  and u r e a - t r e a t e d  s o i l s .  The e x p l a n a t i o n  f o r  
an a p p ro x im a te ly  e q u a l  e l e c t r i c a l  c o n d u c t i v i t y  v a lu e  o f  th e  two t r e a t ­
ments i s  deduced  from th e  f a c t  t h a t  b o th  s o i l  t r e a t m e n t s  were m a in ta in e d  
a t  th e  same pH l e v e l ,  i . e .  pH 5 . 5 .  The e l e c t r i c a l  c o n d u c t i v i t y  o f  a 
s o i l  h a s  been  shown t o  be pH d ep en d en t  (Ponnamperuma, 1965).  At h i g h e r  
pH (pH 7 . 5 ) ,  on th e  o t h e r  hand , t h e  h ig h e r  amount o f  NaOH added t o
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ammonium s u l f a t e - t r e a t e d  s o i l  <2 meq/100  g) r e s u l t e d  In  tw ic e  a s  h ig h  
an e l e c t r i c a l  c o n d u c t i v i t y  v a lu e  a s  compared t o  u r e a - t r e a t e d  s o i l  u n d e r  
b o th  s o i l  c o n d i t i o n s .
4 .  E f f e c t  o f  A ero b ic  and A n a e ro b ic  C o n d i t io n s  and pH on th e  
F a te  o f  A p p lie d  N itro g e n  Source  i n  t h e  S o i l
A n a ly ses  o f  s o i l  f o r  NH^-N and NO3-N c o n t e n t s  a t  5 -d ay  i n t e r v a l s ,  
from th e  t im e  o f  n i t r o g e n  a p p l i c a t i o n  ( a t  t r a n s p l a n t i n g )  u n t i l  th e  
c o n c lu s io n  o f  th e  e x p e r im e n t  15 days  a f t e r  t r a n s p l a n t i n g  a s  a f f e c t e d  
by th e  v a r i o u s  t r e a t m e n t s  a r e  p r e s e n t e d  i n  F ig u re s  27a, 27b, and 27c.
It should be pointed out that these values include both native and 
applied nitrogen remaining in the soil. The amount of added N 
recovered and the amount of soil N taken up by the plant are discussed 
in the latter section.
R e g a rd le s s  o f  pH l e v e l s ,  NH^-N c o n c e n t r a t i o n  p ro d u ced  by ammonium 
s u l f a t e - t r e a t e d  s o i l  d e c r e a s e d  much more r a p i d l y  u n d e r  a e r o b ic  c o n d i ­
t i o n s  th a n  u n d e r  a n a e r o b ic  c o n d i t i o n s ,  a s  i s  shown i n  F ig u re s  27a and 
27c. The r a p i d  d e c r e a s e  o f  NH^-N and g e n e r a l l y  low er amount o f  NH^-N 
u n d e r  a e r o b ic  s o i l  was due t o  b i o l o g i c a l l y  ammonium o x i d a t i o n  t o  n i t r a t e .  
The NO^-N accu m u la ted  from t h i s  r e a c t i o n  u n d er  a e r o b ic  c o n d i t i o n s  i s  
shown i n  F ig u re  27b.
NH^-N c o n c e n t r a t i o n  i n  t h e  u r e a - t r e a t e d  s o i l ,  on t h e  o t h e r  hand , 
I n c r e a s e d  d u r in g  th e  f i r s t  f i v e  d ay s  a f t e r  a p p l i c a t i o n  a s  a  r e s u l t  o f  
u r e a  h y d r o l y s i s  and th e n  d e c r e a s e d  w i th  t im e  i n  th e  manner s i m i l a r  t o  
NH4 -N c o n c e n t r a t i o n  p rod u ced  by ammonium s u l f a t e .  The i n c r e a s e  and 
su b se q u e n t  d e c r e a s e  o f  NH^-N f o l lo w in g  u r e a  a p p l i c a t i o n  u n d er  a e r o b ic  
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Figure 27. E f fe c t  of a e ro b ic  (a ,  b) and anaerob ic  (c )  co n d it io n s  and p la n t  growth on the  amounts 
o f  NH^-N and NO^-N remaining a t  d i f f e r e n t  p e r io d s  o f time in  the  s o i l  a p p l ie d  w ith  
ammonium s u l f a t e  and u re a  a t  pH 5 .5  and 7*5.
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DeLaune and P a t r i c k  (1970) r e p o r t e d  u r e a  h y d r o l y s i s  t o  ammonia 
p ro c e e d e d  a t  a p p ro x im a te ly  th e  same r a t e  i n  1 /3  b a r  m o is tu r e  ( a e r o b i c )  
and in  w a te r lo g g e d  ( a n a e r o b i c )  s o i l  c o n d i t i o n s .
An e x p l a n a t i o n  f o r  t h e  g e n e r a l  d e c r e a s e  i n  th e  NH^-N c o n te n t  o f  
a e r o b i c  and a n a e r o b ic  s o i l s  ( F ig u r e s  27a and 27c) I s  deduced  from p l a n t  
u p ta k e  o f  n i t r o g e n .  However, a s h a rp  d e c r e a s e  in  NH4-N c o n t e n t s  o f  
a e r o b ic  s o i l  ( F ig u r e  27a) was due n o t  o n ly  t o  p l a n t  u p ta k e ,  b u t  a l s o  to  
n i t r i f i c a t i o n .  P a r t  o f  t h e  n i t r a t e  so  p rod u ced  was a l s o  ta k e n  up by 
t h e  p l a n t ,  th e  re m a in in g  n i t r a t e  a c c u m u la te d .  E le m e n ta l  N l o s s  u n d e r  
t h e  c o m p le te ly  a e r o b i c  and a n a e r o b ic  s o i l  sy s tem s  b e in g  employed in  
t h i s  s tu d y  was u n l i k e l y  (Tusneem and P a t r i c k ,  1 9 7 1 ) .
I t  sh o u ld  be n o te d  t h a t  th e  amount o f  t o t a l  i n o r g a n ic  (NH^-N + 
NO^-N) n i t r o g e n  re m a in in g  i n  t h e  s o i l  a t  t h e  end o f  a 1 5 -d ay  p e r io d  
u n d e r  a e r o b i c  c o n d i t i o n s  and t h e  amount o f  i n o r g a n ic  (NhJ -N )  n i t r o g e n  
r e m a in in g  i n  t h e  s o i l  a t  t h e  end o f  th e  same p e r io d  u n d er  a n a e r o b ic  
c o n d i t i o n s  d id  n o t  d i f f e r  a p p r e c i a b l y .  I t  i s  e x p e c te d  t h a t  a p p r o x i ­
m a te ly  t h e  same amount o f  i n o r g a n ic  n i t r o g e n  would have been  ta k e n  up 
by  th e  p l a n t  u n d e r  t h e s e  two o x i d a t i o n - r e d u c t l o n  c o n d i t i o n s ,  r e g a r d l e s s  
o f  n i t r o g e n  s o u rc e s  a p p l i e d  and pH l e v e l s .  I t  i s  f u r t h e r  e x p e c te d  t h a t  
l a r g e r  am ounts o f  p l a n t  n i t r o g e n  would have been  d e r iv e d  from added 
n i t r o g e n  s o u rc e s  th a n  from s o i l  n i t r o g e n ,  b e c a u se  o f  t h e  low l o s s  o f  
added n i t r o g e n  i n  th e  s o i l  sy s tem  u n d e r  s tu d y .
5. E f f e c t  o f  A ero b ic  and A n a e ro b ic  C o n d i t i o n s ,  pH L e v e l ,  and 
N i t ro g e n  Source  on Dry M a t te r  W eight o f  th e  R ice P l a n t s
The e f f e c t  o f  a e r o b ic  and a n a e r o b ic  c o n d i t i o n s ,  pH l e v e l ,  and 
n i t r o g e n  so u rc e  on sh o o t  w e ig h t ,  r o o t  w e ig h t ,  and s h o o t / r o o t  r a t i o  o f  
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F igure 28. E f f e c t  o f  a e r o b ic  and a n a e r o b ic  c o n d i t i o n s  and n i t r o g e n  
s o u rc e  on w e ig h ts  o f  sh o o ts  ( a )  and r o o t s  (b )  and 
s h o o t / r o o t  r a t i o  ( c )  o f  th e  r i c e  p l a n t s  a t  pH 5 .5  and
7 .5 .
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marked d i f f e r e n c e s  In  t h e  w eigh t o f  s h o o ts  o f  t h e  p l a n t s  w hich were 
grown u n d e r  aimnonium s u l f a t e - t r e a t e d  a e r o b ic  and a n a e r o b ic  s o i l s  a t  
pH 5 .5  a s  compared w i th  s l i g h t  o r  no d i f f e r e n c e s  o b se rv e d  among o th e r  
t r e a t m e n t s  i n  which e i t h e r  ammonium s u l f a t e  o r  u r e a  was a p p l i e d  a t  
pH 5 ,5  and pH 7 .5 .  A e ro b ic  s o i l  c o n d i t i o n s  produced  g r e a t e r  sh o o t  
w e ig h t  th a n  d id  a n a e ro b ic  s o i l  a t  pH 5 .5  where ammonium s u l f a t e  was 
a p p l i e d .  T h is  r e s u l t  a g re e s  w i th  t h a t  o b ta in e d  from p r e v io u s  e x p e r i ­
m ents I n  t h i s  s tu d y  i n  which th e  same s o u rc e  and amount o f  N was 
a p p l i e d .  An e x p la n a t io n  f o r  s m a l l e r  sh o o t  w e ig h t  o f  p l a n t s  grown u nder  
a n a e r o b ic  s o i l  a s  compared w i th  a e r o b ic  s o i l  a t  low pH i n  t h i s  e x p e r i ­
ment was deduced  from h ig h e r  e l e c t r i c a l  c o n d u c t i v i t y  v a lu e s  o f  s o i l  
u n d e r  a n a e r o b ic  c o n d i t i o n s .  However t h e  change i n  s o i l  e l e c t r i c a l  
c o n d u c t i v i t y  v a lu e s  o b ta in e d  from o th e r  e x p e r im e n ta l  c o n d i t i o n s  were 
n o t  c o n s i s t e n t  w i th  t h e  c o r re s p o n d in g  change i n  th e  shoo t w e ig h t .  The 
g r e a t e r  sh o o t  w e ig h t  o f  th e  p l a n t s  grown u n d er  a e r o b ic  s o l i  a s  com­
p a re d  w i th  a n a e r o b ic  s o i l  a t  an e a r l y  g row th  s ta g e  a g re e s  w i th  th e  
f in d in g  o f  S e n e w lra tn e  and M ik k e lsen  (1 9 6 1 ) .  Excep t f o r  t h e  h ig h  
sh o o t  w e ig h t  o f  p l a n t s  grown u n d e r  ammonium s u l f a t e - t r e a t e d  a e r o b ic  
s o i l  a t  pH 5 . 5 .  w hich was d i s c u s s e d  ab o v e , t h e r e  a p p e a re d  t o  be no 
d i f f e r e n c e s  among t h e  sh o o t  w e ig h ts  i n  t h e  p l a n t s  grown u n d e r  o th e r  
e x p e r im e n ta l  c o n d i t i o n s .
In  s p i t e  o f  t h e  d i f f e r e n c e s  In  th e  sh o o t  w e ig h t ,  no d i f f e r e n c e s  
i n  th e  r o o t  w e ig h t  was o b se rv ed  f o r  th e  ammonium s u l f a t e - t r e a t e d  a e r o b ic  
and a n a e r o b ic  s o i l s  a t  pH 5 .5 ,  a s  i s  shown in  F ig u re  28b. The r o o t  
w e ig h ts  o f  p l a n t s  grown under  a n a e r o b ic  s o i l ,  r e g a r d l e s s  o f  n i t r o g e n  
s o u rc e s  and pH l e v e l s ,  were a l l  e q u a l l y  h ig h .  The h ig h e r  r o o t  w eigh t 
o f  th e  p l a n t s  grown u n d er  a n a e r o b ic  s o i l  th a n  u n d er  a e r o b ic  s o i l  was
I l l
due t o  b e t t e r  r o o t  p r o l i f e r a t i o n  u n d e r  r e d u c in g  s o i l  c o n d i t i o n s  as  
compared w i th  o x i d i s i n g  s o i l  c o n d i t i o n s .  B e t t e r  r o o t  p r o l i f e r a t i o n  
may be due t o  t h e  r o l e  o f  th e  r o o t  i n  overcom ing r e d u c in g  t o x i c  
c o n d i t i o n s .
F ig u re  28c shows th e  e f f e c t  o f  a e r o b ic  and a n a e ro b ic  s o i l  c o n d i ­
t i o n s ,  pH l e v e l s  and n i t r o g e n  s o u rc e s  on s h o o t / r o o t  r a t i o  o f  th e  r i c e  
p l a n t s .  N i t ro g e n  s o u rc e s  and pH l e v e l s  d id  n o t  seem t o  have any e f f e c t  
on th e  s h o o t / r o o t  r a t i o .  On th e  o t h e r  h an d ,  s o i l  o x i d a t l o n - r e d u c t l o n  
c o n d i t i o n s  had a marked e f f e c t  on t h e  s h o o t / r o o t  r a t i o .  A e ro b ic  s o i l  
p roduced  g r e a t e r  s h o o t / r o o t  r a t i o  th a n  d id  th e  c o u n t e r p a r t  a n a e ro b ic  
s o i l .  As p o in te d  o u t  above , t h i s  was a p p a r e n t l y  due t o  g e n e r a l l y  low er 
r o o t  w e ig h t o f  th e  p l a n t s  which were grown u n d er  a e r o b ic  s o i l  a s  com­
p a re d  t o  a n a e r o b ic  s o i l .  There  a p p e a re d  t o  have been  no a p p r e c i a b l e  
d i f f e r e n c e s  i n  th e  s h o o t / r o o t  r a t i o  among th e  a e r o b ic  s o i l  and among 
th e  a n a e ro b ic  s o i l  c o n d i t i o n s .
6 . E f f e c t  o f  A erob ic  and A n ae ro b ic  C o n d i t io n s  and pH Level 
on R e c o v e r ie s  o f  A p p lie d  L a b e l le d  Ammonium-N and Urea-N 
by th e  R ice  P l a n t s  
The e f f e c t  o f  a e r o b ic  and a n a e ro b ic  c o n d i t i o n s  and pH l e v e l  
on p e r c e n t  r e c o v e ry  o f  a p p l i e d  l a b e l l e d  ammonium—N and u rea -N  by th e  
p l a n t  t i s s u e  and in  s o i l  o r g a n ic  and s o i l  I n o rg a n ic  n i t r o g e n  f r a c t i o n s  
i s  shown in  F ig u re s  29a and 29b.
In  g e n e r a l ,  r e c o v e ry  o f  added l a b e l l e d  atnnonium and u r e a  n i t r o g e n  
in  t h e  p l a n t  was r e l a t i v e l y  low, ra n g in g  from a p p ro x im a te ly  21.5  t o  
41.1%. R ecovery  o f  added l a b e l l e d  n i t r o g e n  in  p r e v io u s  e x p e r im e n ts  in  
w hich  th e  same s o u rc e  o f  e n r ic h e d  ammonium s u l f a t e  was a p p l i e d  













9 0 .  










[^O rganic N 












AS = Ammonium Sulfate 










Figure 29, E f fe c t  of aerob ic  (a )  and anaerob ic  (b) c o n d i t io n s  on r e c o v e r ie s  of added l a b e l le d  
ammonium and u rea  n i t ro g e n  by s o i l  o rgan ic  and in o rg a n ic  n i t ro g e n  f r a c t i o n s  and by 
th e  r i c e  p la n t  a t  pH 5 .5  and 7 .5 ,
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The low r e c o v e ry  o f  added l a b e l l e d  n i t r o g e n  by th e  p l a n t  In  th e  
p r e s e n t  s tu d y  was p ro b a b ly  due t o  g e n e r a l l y  low w e ig h t  o f  th e  r i c e  p l a n t .  
A l a r g e  amount o f  t h e  added l a b e l l e d  n i t r o g e n  rem ained  In  th e  s o i l  
I n o rg a n ic  n i t r o g e n  f r a c t i o n  e s p e c i a l l y  u n d e r  a n a e r o b ic  c o n d i t i o n s ,  a s  
i s  shown In  F ig u re  29b.
T o ta l  r e c o v e ry  o f  added l a b e l l e d  n i t r o g e n  i n  t h e  p l a n t s  i n  th e  
s o i l  o r g a n ic  and s o l i  i n o r g a n ic  n i t r o g e n  f r a c t i o n s  was v e ry  h ig h  u n d e r  
a n a e r o b ic  c o n d i t i o n s  as  compared w i th  a e r o b ic  c o n d i t i o n s .  T o ta l  r e c o v e ry  
f i g u r e s  u n d e r  a n a e r o b ic  c o n d i t i o n s  were 105 .9  and 98.2% f o r  added 
l a b e l l e d  anmonlunt-N and 105 .7  and 102.3% f o r  added l a b e l l e d  u re a -N  a t  
pH 5 .5  and 7 .5 .  r e s p e c t i v e l y .  In  c o n t r a s t ,  u n d er  a e r o b ic  c o n d i t i o n s ,  
t h e  t o t a l  r e c o v e r y  f i g u r e s  were 7 3 ,3  and 56.2% f o r  added l a b e l l e d  
anrnonlum-N and 6 2 .8  and 60.3% fo r  added u re a -N , r e s p e c t i v e l y  a t  pH 5 .5  
and 7 .5 .  High I n o rg a n ic  n i t r o g e n  f r a c t i o n  c o n t r i b u t e d  t o  h ig h  t o t a l  
r e c o v e ry  o f  added l a b e l l e d  n i t r o g e n  u n d e r  a n a e r o b ic  c o n d i t i o n s .  As 
much a s  43.6% o f  added l a b e l l e d  n i t r o g e n  was u n acco u n ted  f o r  u n d e r  
a e r o b i c  c o n d i t i o n s  a s  compared w i th  o n ly  5.9% u n d er  a n a e r o b ic  c o n d i ­
t i o n s .  There  i s  no s a t i s f a c t o r y  e x p l a n a t i o n  f o r  th e  l o s s e s  o f  l a b e l l e d  
n i t r o g e n  a p p l i e d  u n d e r  a e r o b ic  c o n d i t i o n s .
N o tw i th s ta n d in g  th e  l a r g e  l o s s e s  o f  l a b e l l e d  n i t r o g e n  u n d e r  
a e r o b ic  c o n d i t i o n s  t h e r e  was l i t t l e  d i f f e r e n c e  i n  u p ta k e  o f  l a b e l l e d  
ammonium s u l f a t e  and u r e a .  An i n c r e a s e  i n  s o i l  pH l e v e l  from 5 .5  t o
7 .5  d i d  n o t  a f f e c t  r e c o v e ry  o f  added n i t r o g e n  i n  th e  p l a n t s  grown under  
a e r o b ic  c o n d i t i o n s  e x c e p t  f o r  a  h ig h  r e c o v e ry  i n  an ammonium s u l f a t e -  
t r e a t e d  a e r o b ic  s o i l  a t  pH 5 .5  b u t  d id  i n c r e a s e  t h e  r e c o v e ry  o f  added 
n i t r o g e n  in  t h e  p lan ts  grown u n d e r  a n a e ro b ic  c o n d i t i o n s .  The two-pH 
u n i t  i n c r e a s e  from pH 5 .5  t o  7 .5  r e s u l t e d  i n  an ap p ro x im a te  10%
114
I n c r e a s e  In  r e c o v e ry  o f  added n i t r o g e n  In  t h e  p l a n t s  grown u n d e r  
a n a e ro b ic  c o n d i t i o n s .  The h ig h  r e c o v e r y  o f  added l a b e l l e d  n i t r o g e n  
(41.1%) found i n  t h e  p l a n t s  grown u n d e r  aninonium s u l f a t e - t r e a t e d  
a e r o b ic  s o i l  a t  pH 5 .5  was due t o  h ig h  d ry  w e ig h t  o f  p l a n t  m a t e r i a l .
P l a n t  t i s s u e  a n a l y s i s  f o r  Fe c o n te n t  r e v e a l e d  t h a t  r e l a t i v e l y  
h ig h e r  c o n c e n t r a t i o n  o f  Fe was found i n  t h e  p l a n t  t i s s u e  u n d e r  a n a e ro b ic  
c o n d i t i o n s  a t  pH 5 .5  th a n  a t  pH 7 .5 .  I t  may be  p o s s i b l e  t h a t  t h e s e  
two e le m e n ts  a t  l e a s t  p a r t i a l l y  r e g u l a t e  th e  a b s o r p t i o n  o f  one a n o th e r  
i n  t h e  r i c e  p l a n t s  u n d er  a n a e r o b ic  c o n d i t i o n s .  Under a e r o b ic  c o n d i t io n s  
Fe a b s o r p t i o n  i s  n o t  h ig h  enough t o  i n t e r f e r e  w i th  n i t r o g e n  u p ta k e .
The t o t a l  u p ta k e  o f  Fe and added l a b e l l e d  n i t r o g e n  by th e  r i c e  p l a n t s  
i s  shown in  F ig u re s  30a and 30b.
About 20 t o  30% o f  a p p l i e d  n i t r o g e n  was r e c o v e re d  i n  th e  o rg a n ic  
n i t r o g e n  f r a c t i o n  u n d e r  t h e s e  e x p e r im e n ta l  c o n d i t i o n s .  O th e r  s t u d i e s  
have shown a p p r o x im a te ly  25 t o  60% o f  a p p l i e d  n i t r o g e n  rem a in in g  
im m o b ilized  i n  th e  s o i l  (B artholom ew , 1965).
As e x p e c te d  m ost o f  t h e  p l a n t  n i t r o g e n  (77 t o  92%) was d e r iv e d  
from added n i t r o g e n  u n d er  t h e s e  c o n d i t i o n s .  As i s  shown i n  Table  5 
o n ly  7 t o  237. o f  p l a n t  n i t r o g e n  was d e r iv e d  from s o i l  n i t r o g e n .  These 
r e s u l t s  d i f f e r  somewhat from th e  r e s u l t s  r e p o r t e d  u n d e r  f i e l d  c o n d i t i o n s  
w h ere ,  a t  h a r v e s t  t im e  th e  r i c e  p l a n t  had u t i l i z e d  much more n a t i v e  s o i l  
n i t r o g e n  th a n  a p p l i e d  n i t r o g e n  (T a k a h a s h i ,  1 9 6 5 ) .  tCoyama (1971) l i k e ­
w ise  r e p o r t e d  t h a t  n a t i v e  s o i l  n i t r o g e n  c o n s t i t u t e d  63 t o  88% o f  th e  
t o t a l  n i t r o g e n  i n  th e  p l a n t  a t  h a r v e s t  t im e .  The main r e a s o n  f o r  t h e  
d i f f e r e n c e  i s  th e  s h o r t  d u r a t i o n  o f  th e  r i c e  p l a n t s  grown in  t h i s  
e x p e r im e n t .  At a com parab le  g row th  p e r io d  o f  th e  r i c e  p l a n t  under  
































AS -  Ammonium Sulfate - 1®N 
UR* U re a -^ N
AS UR 
pH  5 .5
AS UR 
pH  7.5
F igu re  30. E f f e c t  o f  a e ro b ic  (a )  and a n a e ro b ic  (b) c o n d i t io n s  on th e  up take  o f n a t iv e  Fe and 
added N by the  r i c e  p l a n t s  a t  pH 5 .5  and 7 .5 ,
Table  5. Uptake o f  t o t a l  n i t ro g e n  ( s o i l  N + l a b e l l e d  N), l a b e l l e d  N and p e rc e n t  o f  p la n t  N 
d e r iv e d  from s o i l  N and from added l a b e l l e d  N as a f f e c te d  by s o i l  c o n d i t io n s ,  pH 
le v e l s  and n i t ro g e n  so u rces .
Aerobic Anaerobic
P la n t  N pH 5.5 pH 7 .5 PH 5.5 PH 7.5
AS UR AS UR AS UR AS UR
T ota l  N (mg/pot) 105.7 63 .4 61.5 61.5 46.6 57 .6 78.5 85 .8
L abe lled  N 
(mg/pot) 82. 3 55 .4 50.6 50.9 43 .3 45.1 61 .3 66 .2
% Derived from 
S o il  N 22.2 12.6 17.6 17.0 7.2 21.7 21.9 22.8
% Derived from 
L abe lled  N 77.9 87 .4 82 .4 82.8 92.9 78.3 78.1 7 7 .2
AS = Ammonium Sul f a t e - ^ N
UR * U rea-15N
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f r a c t i o n  o f  p l a n t  n i t r o g e n  coming from f e r t i l i z e r  was r e l a t i v e l y  h ig h  
(a b o u t  t h r e e - f o u r t h s ) .  They a l s o  r e p o r t e d  t h a t  f e r t i l i s e r  n i t r o g e n  i n  
th e  p l a n t  d e c r e a s e d  t o  a s  l i t t l e  a s  o n e - f i f t h  a t  th e  end o f  th e  s e a so n .
SUMURY AND CONCLUSIONS
E x p erim en ts  were c o n d u c te d  t o  e v a l u a t e  t h e  e f f e c t s  o f  s o i l  
o x l d a t i o n - r e d u c t i o n  c o n d i t i o n s  and pH on t h e  e a r l y  v e g e t a t i v e  grow th  
and n u t r i e n t  u p ta k e  by r i c e  i n  l a b o r a t o r y  c u l t u r e ,  Mhoon s i l t  loam 
s o l i  was used  I n  a l l  ex p e r im en ts*  D i f f e r e n t  s o i l  o x l d a t i o n - r e d u c t i o n  
c o n d i t i o n s  were o b ta in e d  by s lo w ly  b u b b l in g  e i t h e r  a i r  f o r  o x id iz e d  
( a e r o b i c )  o r  N2 g a s  f o r  re d u c e d  ( a n a e r o b ic )  c o n d i t i o n s  th ro u g h  s o i l  
k e p t  i n  s u s p e n s io n  w i th  a m ag n e tic  s t i r r e r .  D i f f e r e n t  pH l e v e l s  o f  
a e r o b ic  and a n a e r o b ic  s o i l  s u s p e n s io n s  w ere  m a in ta in e d  by add ing  
e i t h e r  2N HCl o r  2 N NaOH t o  th e  s o i l  s u s p e n s io n s  d a i l y  d u r in g  t h e  
g row th  o f  t h e  r i c e  p l a n t s .  Redox p o t e n t i a l  m easurem ents  were a l s o  
made d a i l y .  Young r i c e  s e e d l in g s  ( v a r .  S a t u r n ) ,  p r e v i o u s l y  grown in  
c u l t u r e  s o l u t i o n  were t r a n s p l a n t e d  and a l lo w e d  t o  grow u n d e r  c o n t r o l l e d  
s o i l  c o n d i t i o n s .  Growth and n u t r i e n t  u p ta k e  by r i c e  were e v a lu a t e d  
a t  t h e  c o n c lu s io n  o f  t h e  e x p e r im e n ts  a p p ro x im a te ly  2-3  weeks a f t e r  
t r a n s p l a n t i n g .
The e f f e c t  o f  a e r o b ic  and a n a e r o b ic  c o n d i t i o n s  and pH on e a r l y  
v e g e t a t i v e  grow th  o f  t h e  r i c e  p l a n t s  i n  a f lo o d e d  s o i l  was d e te rm in e d .
A wide ra n g e  o f  s o i l  pH l e v e l s ,  5 ,  6, 7 ,  and 8 were m a in ta in e d .  In  
g e n e r a l ,  r i c e  p l a n t s  w hich  were grown u n d e r  a n a e r o b ic  ( re d u c e d )  c o n d i ­
t i o n s  p roduced  g r e a t e r  d ry  w e ig h t  o f  s h o o ts  and r o o t s  th a n  th o s e  
w hich  were grown u n d e r  a e r o b i c  ( o x id i z e d )  c o n d i t i o n s .  However, i f  
n i t r o g e n  was m a in ta in e d  i n  t h e  ammonium form, a e r o b ic  and a n a e r o b ic  
c o n d i t i o n s  were e q u a l l y  e f f e c t i v e  i n  i n c r e a s i n g  d ry  w e ig h t  o f  th e  r i c e  
p l a n t s .  One o f  th e  m ajo r  b e n e f i c i a l  e f f e c t s  o f  a n a e r o b ic  c o n d i t i o n s
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may be t o  m a in ta in  In o rg a n ic  n i t r o g e n  In  th e  anaonlum form. Dry w eigh t 
o f  sh o o ta  o f  p l a n t s  grown u nder  b o th  s o l i  c o n d i t io n s  s t e a d i l y  d e c re a se d  
a s  s o i l  pH In c re a s e d .  An Im p o r ta n t  f e a tu r e  o f  t h i s  s tu d y  I s  t h a t  a t  
pH 5 t h e r e  was a  sha rp  drop  o f  d ry  w eigh t o f  sh o o ts  and r o o t s  o f  the  
r i c e  p l a n t s  grown under  a n a e ro b ic  c o n d i t io n s  a s  compared t o  a e ro b ic  
c o n d i t i o n s ,  t h i s  d e c re a se  in  grow th  was a p p a r e n t ly  due t o  I ro n  
t o x i c i t y .  P la n t s  which were grown under a n a e ro b ic  c o n d i t io n s  a t  pH 6 
and 7 were norm al, th e  redox  p o t e n t i a l  v a lu e s  a t  th e se  pH v a lu e s  be ing  
-195 and -240 mv, r e s p e c t i v e l y ,  w h ile  a t  pH 8 th e  p l a n t s  showed to x ic  
symptoms a p p a r e n t ly  caused  by s o lu b le  s u l f i d e .  P la n t s  which were 
grown u nder  a e ro b ic  c o n d i t io n s  a t  a l l  pH l e v e l s  were c h l o r o t i c ,  
t y p i c a l  o f  I ro n  d e f i c i e n c y  symptoms, t h e  r e s u l t s  o f t h i s  s tu d y  showed 
t h a t  th e  w eigh t o f  th e  p l a n t  m a te r i a l  was c o n s id e ra b ly  reduced  when 
th e  r i c e  p lan tB  were grown u nder  a e r o b ic  c o n d i t io n s  a t  pH 8 and under  
a n a e ro b ic  c o n d i t io n s  a t  pH 5 and 8.
The e f f e c t  o f  a e ro b ic  and a n a e ro b ic  c o n d i t io n s  and pH on up take  
o f  n a t iv e  and added l a b e l l e d  Fe and Mn by th e  r i c e  p l a n t s  in  a f lo o d e d  
s o i l  was d e te rm in e d ,  two s o i l  pH l e v e l s ,  I . e .  5 .5  and 7 .5  were main­
t a i n e d .  t h e  u p tak e  o f  n a t iv e  Fe by th e  r i c e  p l a n t s  u nder  an a e ro b ic  
c o n d i t io n s  was h ig h  a t  low pH and was low a t  h ig h  pH. The n a t iv e  Fe 
u p tak e  by th e  r i c e  p l a n t s  under  a e ro b ic  c o n d i t i o n s ,  In  c o n t r a s t ,  was 
low and d id  n o t  d i f f e r  a p p r e c ia b ly  between th e  two pH l e v e l s ,  t h e  
n a t i v e  Fe c o n te n t  i n  th e  r i c e  p l a n t s  grown under a n a e ro b ic  c o n d i t io n s  
a t  pH 5 .5  exceeded  th e  a p p a re n t  to x ic  l e v e l  f o r  th e  r i c e  p l a n t s .  Ate 
n a t i v e  Fe c o n te n t  in  th e  r i c e  p l a n t s  grown u nder  a e ro b ic  c o n d i t io n s  
a t  b o th  pH l e v e l s ,  on th e  o th e r  hand , was w e l l  below th e  normal l e v e l  
f o r  r i c e  p l a n t s .  The up take  o f  n a t i v e  Mn by th e  r i c e  p l a n t s  under bo th
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s o l i  c o n d i t i o n s  was lo w er  a t  low pH th a n  a t  h ig h  pH. The n a t i v e  Mn 
u p ta k e  by th e  r i c e  p l a n t s  was h i g h e r  u n d e r  a n a e r o b ic  c o n d i t i o n s  th a n  
u n d e r  a e r o b ic  c o n d i t i o n s .  The r e c o v e r y  o f  added l a b e l l e d  Fe and  Mn 
by t h e  r i c e  p l a n t s  f u r t h e r  s u g g e s te d  t h a t  Mn u p ta k e  was p a r t i a l l y  
gov ern ed  by Fe u p ta k e ,  w i th  Mn u p ta k e  b e in g  low when Fe u p ta k e  was 
h ig h  and v ic e  v e r s a .  H ig h e r  r e q u i r e m e n ts  f o r  Mn th a n  f o r  Fe by th e  
r i c e  p l a n t s  w ere s u g g e s te d  b y  h i g h e r  r e c o v e ry  o f  added l a b e l l e d  Mn th a n  
r e c o v e ry  o f  added l a b e l l e d  Fe. Low r e c o v e r i e s  o f  l e s s  t h a n  1% f o r  b o th  
added l a b e l l e d  Fe and Mn by th e  r i c e  p l a n t s  a l s o  s u g g e s t  t h a t  r i c e  
p l a n t s  do n o t  n o rm a lly  ta k e  up l a r g e  amounts o f  added Fe and Mn s in c e  
t h e s e  two e le m e n ts  a r e  ab u n d an t  i n  f lo o d e d  s o i l s .
The e f f e c t  o f  a e r o b ic  and a n a e r o b ic  c o n d i t i o n s  and pH on u p ta k e  
o f  n a t i v e  and added l a b e l l e d  Zn and P by th e  r i c e  p l a n t s  i n  a  f lo o d e d  
s o i l  was d e te rm in e d .  Four pH l e v e l s ,  5, 6 ,  7 , and 8 were m a in ta in e d .  
The u p ta k e  o f  n a t i v e  and added l a b e l l e d  Zn by th e  r i c e  p l a n t s  was 
h i g h e r  u n d e r  a e r o b ic  th a n  u n d e r  a n a e r o b ic  c o n d i t i o n s .  Under b o th  s o i l  
c o n d i t i o n s ,  t h e  u p ta k e  o f  n a t i v e  and added l a b e l l e d  Zn by th e  r i c e  
p l a n t s  d e c re a s e d  as  pH I n c r e a s e d .  A s h a rp  d e c r e a s e  i n  t h e  Zn c o n te n t  
a t  pH 7 t o  8 was o b s e rv e d .  R e c o v e r ie s  o f  added l a b e l l e d  Zn by th e  
p l a n t s  grown u n d e r  a e r o b i c  c o n d i t i o n s  were a p p ro x im a te ly  6 ,  6 ,  5 ,  and 
17. and u n d e r  a n a e r o b ic  c o n d i t i o n s  were 1 , 1 ,  1 , and 0.25% f o r  pH 5 ,
6 , 7 ,  and 8 ,  r e s p e c t i v e l y .  The u p ta k e  o f  added l a b e l l e d  and non­
l a b e l l e d  P by  th e  r i c e  p l a n t s  grown u n d er  b o th  s o i l  c o n d i t i o n s  d id  n o t  
d i f f e r  a p p r e c i a b l y  e x c e p t  a t  pH 5 where a  s h a rp  d rop  o f  t h e  d ry  w e ig h t  
o f  t h e  r i c e  p l a n t s  grown u n d e r  a n a e r o b ic  c o n d i t i o n s  r e s u l t e d  i n  a  
low er u p ta k e  o f  b o th  l a b e l l e d  and n o n la b e l l e d  P and a lo w er  r e c o v e ry  
o f  added l a b e l l e d  P th a n  th o s e  found u n d e r  a e r o b ic  c o n d i t i o n s .
121
I I m  up taka  o f  b o th  a d d td  l a b e l l e d  and n o n la b e l l e d  P by  th e  r i c e  p l a n t a  
u n d e r  b o th  e o l l  c o n d i t i o n !  c o n e l a t e n t l y  d e c re a a e d  aa pH In c re a a e d ,  
R e c o v e r ie s  o f  added l a b e l l e d  ?  by t h e  r i c e  p l a n t a  grown u n d er  a e ro b ic  
c o o d l t lo n a  were a p p ro x im a te ly  20, 12, 9 ,  and 21 and u n d e r  a n a e ro b ic  
c o n d i t i o n s  were 7 , 11, 7 ,  and 31 f o r  pH 5 ,  6 , 7 , and 8 ,  r e s p e c t i v e l y .
l h a  e f f e c t  o f  a e r o b ic  and a n a e ro b ic  c o n d i t io n s  and pH on re c o v e ry  
o f  added l a b e l l e d  amoonium-N and n l t r a t e - N  by th e  r i c e  p l a n t s  In  a  
f lo o d e d  s o i l  was d e te rm in e d .  A n i t r i f i c a t i o n  i n h i b i t o r  was added t o  
p r e v e n t  b i o l o g i c a l  o x id a t io n  o f  ammonium u nder  a e r o b ic  c o n d i t io n s  In  
o r d e r  t o  e f f a c t l v a l y  s tu d y  th e  u t i l i s a t i o n  o f  ammonium n i t r o g e n  as  
compared w i th  n i t r a t e  n i t r o g e n  by r i c e  under  a e r o b ic  c o n d i t i o n s .  Three 
pH l e v e l s ,  4 . 5 ,  6 . 0 ,  and 7 .5  were m a in ta in e d .  A erob ic  and a n a e ro b ic  
c o n d i t i o n s  d i d  n o t  a f f e c t  n i t r o g e n  r e c o v e ry  c o n s i s t e n t l y .  S o i l  pH, on 
t h e  o th e r  han d . I n f lu e n c e d  r e c o v e r i e s  o f  b o th  added l a b e l l e d  n i t r o g e n  
form s i n  t h e  r i c e  p l a n t s .  There  was a  sh a rp  d e c re a s e  i n  th e  p e r c e n t  
r e c o v e ry  o f  added l a b e l l e d  ammonlum-N in  th e  r i c e  p l a n t s  grown under  
b o th  a e ro b ic  and a n a e ro b ic  c o n d i t i o n s  as  s o i l  pH l e v e l  I n c re a s e d .  
P e rc e n t  r e c o v e ry  o f  added l a b e l l e d  nitrtfm -N  i n  th e  r i c e  p l a n t s  grown 
u n d e r  a a r d b lc  c o n d i t i o n s  s l i g h t l y  d e c re a s e d  as  s o i l  pH l e v e l  in c r e a s e d .  
I n  a l l  c a s e s ,  t h e  d e c re a se d  r e c o v e ry  o f  added l a b e l l e d  H In  th e  r i c e  
p l a n t s  aa pH I n c re a s e d  c o r re sp o n d e d  t o  th e  i n c r e a s e d  r e c o v e ry  o f  added 
l a b e l l e d  N In  th e  s o i l  o rg a n ic  n i t r o g e n  f r a c t i o n .  High re c o v e ry  o f 
added l a b e l l e d  N In  t h e  r i c e  p l a n t s  was o b ta in e d  f o r  b o th  a e r o b ic  and 
a n a e ro b ic  c o n d i t i o n s .  The r e c o v e ry  p e r c e n ta g e  f i g u r e s  o f  added 
l a b e l l e d  anoonlum-N In  th e  r i c e  p l a n t s  grown under  a n a e ro b ic  c o n d i t io n s  
w ere 74, 64 , and 511, r e s p e c t i v e l y  f o r  pH 4 .5 ,  6 .0 ,  and 7 .5 .  A pprox i-  
m a te ly  th e  same m ag n itu d es  o f  added l a b e l l e d  ammonlum-N were r e c o v e re d
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In  th e  r i c e  p l a n t s  grown under  a e ro b ic  c o n d i t i o n s .  The re c o v e ry  p e r ­
c e n ta g e  f i g u r e s  o f  added l a b e l l e d  n i t r a t e - N  In  th e  r i c e  p l a n t s  grown 
under  a e r o b ic  c o n d i t i o n s ,  on th e  o t h e r  hand , were 65, 65, and 63% 
f o r  pH 4 .5 ,  6 .0 ,  and 7 .5 ,  r e s p e c t i v e l y .
The e f f e c t  o f  a e r o b ic  and a n a e ro b ic  c o n d i t io n s  and pH on re c o v e ry  
o f  added l a b e l l e d  anvnonlum-N and u rea -N  by th e  r i c e  p l a n t s  In  a  f lo o d ed  
s o i l  was d e te rm in e d .  Two pH l e v e l s ,  5 .5  and 7 .5  were m a in ta in e d .  An 
I n c re a s e  in  s o i l  pH l e v e l  from 5 .5  t o  7 .5  d id  n o t  c o n s i s t e n t l y  a f f e c t  
r e c o v e ry  o f  added n i t r o g e n  in  th e  r i c e  p l a n t s  grown u nder  a e ro b ic  
c o n d i t io n s  b u t  d id  I n c re a s e  th e  r e c o v e ry  o f  added n i t r o g e n  i n  th e  r i c e  
p l a n t s  grown u n d er  a n a e ro b ic  c o n d i t i o n s .  The two.pH u n i t  in c r e a s e  
from pH 5 .5  to  7 .5  r e s u l t e d  in  an approx im ate  10% in c r e a s e  in  r e c o v e ry  
o f  added n i t r o g e n  i n  th e  r i c e  p l a n t s  grown u nder  a n a e ro b ic  c o n d i t io n s .  
However, no a p p r e c i a b l e  d i f f e r e n c e  i n  t h e  r e c o v e ry  o f  added l a b e l l e d  
ammonium and u r e a  n i t r o g e n  was obse rv ed  a t  each  o f  th e  two pH v a lu e s .  
Recovery o f  added l a b e l l e d  ammonium and u re a  n i t r o g e n  in  th e  r i c e  
p l a n t s  was g e n e r a l l y  low, r a n g in g  from a p p ro x im a te ly  21 .5  t o  41.1%.
The low re c o v e ry  o f  added l a b e l l e d  n i t r o g e n  by th e  r i c e  p l a n t s  in  the  
p r e s e n t  s tu d y  was p ro b a b ly  due t o  th e  g e n e r a l l y  low w e ig h t o f  th e  r i c e  
p l a n t s .
The e f f e c t  o f  a e ro b ic  and a n a e ro b ic  c o n d i t io n s  and pH on redox  
p o t e n t i a l ,  t o t a l  s u l f i d e - s u l f u r ,  amounts o f  a c id  and a l k a l i  added, and 
e l e c t r i c a l  c o n d u c t iv i ty  i n  a  f lo o d e d  s o i l  d u r in g  th e  e a r l y  grow th 
p e r io d  o f  th e  r i c e  p l a n t s  was d e te rm in e d .  Sharp d i f f e r e n c e s  betw een 
a e ro b ic  and a n a e ro b ic  s o i l  c o n d i t io n s  were I n d ic a te d  by a l a r g e  p o s i t i v e  
redox  p o t e n t i a l  v a lu e  (+640 mv) f o r  a e ro b ic  c o n d i t io n s  and a r e l a t i v e l y  
l a r g e  n e g a t iv e  redox  p o t e n t i a l  v a lu e  ( -6 0  mv) f o r  a n a e ro b ic  c o n d i t io n s
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when b o th  s o i l  c o n d i t i o n s  w ere  m a in ta in e d  a t  pH 3 . An i n c r e a s e  o f  
one pH u n i t  f o r  th e  a e r o b i c  s o i l  r e s u l t e d  i n  a  d e c r e a s e  i n  re d o x  po ten*  
t l a l  c l o s e  t o  th e  t h e o r e t i c a l  v a lu e  o f  60 mv. For a n a e r o b ic  s o i l  con ­
d i t i o n s  a t  pH 5 ,  on th e  o t h e r  h a n d ,  s o i l  b i o l o g i c a l  a c t i v i t y  was v e ry  
l i k e l y  a f f e c t e d  by th e  a c i d i t y  and s o i l  r e d u c t i o n  was n o t  a s  i n t e n s e  
a s  f o r  s o l i  m a in ta in e d  a t  pH 6 , 7 ,  o r  8 .  T h is  p ro b a b ly  a c c o u n te d  f o r  
t h e  140 mv d i f f e r e n c e  betw een pH 5 and pH 6 . No s u l f i d e  waB d e t e c t e d  
u n d er  a e r o b ic  c o n d i t i o n s  a t  any  pH l e v e l  n o r  u n d e r  a n a e ro b ic  c o n d i t i o n s  
a t  pH 5 . The t o t a l  amount o f  NaOH r e q u i r e d  t o  m a in ta in  s o i l  pH s t e a d i l y  
in c r e a s e d  a s  th e  pH I n c r e a s e d  u n d e r  a e r o b i c  c o n d i t i o n s .  L i t t l e  o r  no 
HCl was r e q u i r e d  t o  m a in ta in  pH 5 u n d e r  a e r o b ic  c o n d i t i o n s .  Under 
a n a e r o b ic  c o n d i t i o n s ,  on th e  o t h e r  hand , e i t h e r  HCl o r  NaOH was 
r e q u i r e d  t o  m a in ta in  a pH l e v e l  low er o r h ig h e r  th a n  6 .5  w hich was 
t h e  pH v a lu e  o f  t h e  a n a e ro b ic  s o i l  b e f o r e  pH a d ju s tm e n t .  An i n c r e a s e  
In  pH l e v e l  s t e a d i l y  i n c r e a s e d  th e  e l e c t r i c a l  c o n d u c t i v i t y  o f  th e  
a e r o b ic  s o i l  s u s p e n s io n s .  Under a n a e r o b ic  c o n d i t i o n s ,  e l e c t r i c a l  
c o n d u c t i v i t y  s t e a d i l y  I n c r e a s e d  as  pH d e c r e a s e d  o r  I n c re a s e d  from th e  
o r i g i n a l  6 .5  v a lu e .  The e l e c t r i c a l  c o n d u c t i v i t y  v a lu e s  were c l o s e l y  
r e l a t e d  t o  th e  am ounts o f  a c id  and a l k a l i  added . In  a l l  c a s e s ,  th e  
e l e c t r i c a l  c o n d u c t i v i t y  v a lu e s  d i d  n o t  e x ceed  a  l e v e l  s u i t a b l e  f o r  
norm al g row th  o f  th e  r i c e  p l a n t s .
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